my 


Te “Terk: copies January, 1949 
ARTHUR w. RAUPH.B. WILEY 
WILLIAM D: ‘SHANNON 


Term ‘eupires January; 194 
W. BRYAN, ‘SHORTRIDGH' HARDESTY 

IRVING V.A.HUIB,) 

‘ALBERT HA RTLEIN. 

WILLIAM ROY GLIDDEN 

‘FREDERICK, W. / PANHORS 

PAST-PRESIDENTS 


Gnorgn Ww. BURPEE 


HERBERT P. ORLAND 


x 


the" 


at. 


‘socteT’ Y OF CIVIL ENGINEERS” 


“No.1 
off H! 


‘TECHNICA 


piscussions 


he Society i is any statement made or opinion expressed 


ubeeri tion Gf entered, be | 1) $8. 00 annum 


March 3, 1879. _ Acceptance for mailing at special rate of postage provided for i in Section 1103, 


Copyright, by AMERICAN Socrery 01 OF Own 


— — 
— 
— 
im 
pA 
8 
Publis — 
— 
Entere 


ymposium: Cleaning and Grouting of Limestone Foundations, ‘Tennessee ° ve 
Discussion in Mar., May, June, 1947. 
‘Mathes, Gerard A. Mississippi River Cutofis. 
Discussion in Mar., June, Sept., 1947. 
"Tan, Ek-Khoo. Stability of Soil Slopes 
_ Discussion in May, June, Sept., 1947 ‘ Closed* 
_Muldrow, W.C. Forecasting Productivity « of Irrigable Lands. -Feb., 1947 7 
Discussion in May, June, Oct., Nov., Dec., 1947 Closed* 
“Freudenthal, Alfred M. Reflections on Standard Specifications for Biructural__ re, 
Blaisdell, Fred W. Development and Hydraulic Design, 
 Stilling Basin 
_DuVal, Miles P. The "Marine Operating Problems, Panama Canal, and the 
Solution. Feb., 1947 
Clayourn, J. G. Level Plan for Panama Canal 


oa _ Discussion in June, Oct., 1947. 
Fe Hsu Shih-Chang. Beam Defiections by Second and Third Moments. . 
Discussion in Sept., Nov., 1947 
Frederick L. A. Rational Explanation of Column Behavior. . 
_ Discussion in May, June, Sept., Oct., 1947 coe 
Committee of the San Francisco (Calif.) Section, ASCE, on Timber Test Pro- 
gram. ‘Tests of Timber Structures from Golden Gate International 
Liscussion in Oct., Nov., 1947, Jan., 1948 
Westergaard, H. M. New Formulas for Stresses in Concrete Pavements of Air-_ 


Apr., 1947 
Discussion in June, Sept., Oct., eth 
Rathbun, J. Charles, and Cc. W. _ Continuous Frame Analysis by 
Elastic Support Action 

by ied Discussion in Sept., Nov., 1947, Jan., 
Sturm, R. G. ‘Stability ‘of Thin Cylindrical Sheils i in Torsion 

Discussion in Oct., Nov., Dec., 1947. 

R. N. a and Sorkin, J J ose, 


4 
 Closed* 


+ 


asagrande, Arthur. Classification and of Soils Ju she 
Discussion in Sept., Oct., Nov., 1947, Jan., 1948 igh " F eb. 1, 1948 


Discussion in Jan., 1948. 
Raphael G. "River Infiltration as a ‘Source. of Ground Water Supply. June, 1947 Feb. 1, 1948 
Spangler, G. Appraisal of Modern Research..June, 1947 
_ Discussion in Dec., 1947. Foe <1, 1948 


on, Reginald A. Consoli f Fine-C irained Soils by Drain W 


Peterson, Dean F., Influence Lines ise Continuous Structures by ‘Geo- 
_ Discussion in Dec., 
Coddington, E. F., and "Marshall, 0. C. J. Least Squares Adjustment of Tri-_ 
Shelled ‘Domes Loaded ‘Oct » Mar. 1, 1948 
arris, Frederic R., and Harlow, Eugene H. y Subsidence of the Terminal Island- ie 
Long Beach Area, California Oct., 1947 Mar. 


Weiner, Bernard L. Variation of Coefficients of Simultaneous Linear 
.Oct. 


Ernest E. Application of to 
_ Discussion in » 1048 


1948 
1947 1, 1948 
William W. Experiences with Pile Lengths 1947 April 1, 1948 
Turner, Robert E, Operation of the Conowingo Hydroelectric Plant. . Nov., 1947 1, 1948 
T. F. ‘Determinaiion of Position and Azimuth by Simple 
Accurate Methods nt? 1947. ‘April 1948 
Bell, S.J. A Centroidal Method of Rigid-Frame Analysis 1947 April 1, 1948 
Loring, Samuel J. Experimental Determination of Vibration 
of Structures. . : Dec., 1947 May 1 
Matrix Analysis of Pin-Connected Structures Dec., 19 1, 
‘ Dee 1947. 
1947 May 1, 
Levinton, Zusse. Elastic Analyzed by the Method of 


-Norz.—The closing dates herein nm pu lished ospective > discussers are 


— 
— 
ti 
i 
i 
Alexander. Theory of Inelastic Bending with Referenceto Moment 
— 
— 
— 
— 
— 
BE 
Fists: 
— il 
— 
— 


CONTENTS: FOR 194 


‘Lateral Pressures on n Flexible Retaining Walls: A 


Bayliss, ond Philip P. Brows, Harrie Epstein, L. A. Palmer, J Gebhard, 


DISCUSSIONS 


Frame Analysis by Elastic § Support Action. yous = ? 


Application of Geology to Tunneling Problems. 
Berlen erlen C. M oneymaker, and 8. Me ayo... 


s, René 8. M Morales, Ra 


a ™ of Timber Structures from Golden Gate International Exposition. eats 


us By Sidney 1 Novick, Frank J. Hanrahan, and Walter J. Ryan......... wept 


im 
—— 
— 
ris 
— 
q 
— 
} By Kenneth S. Lane, George F. Sower 
Dawson, and D, F. Glynn..... 
= Dd 
al 
| 
18 
fe 
iii 
7 


~ ¥ 


“CONTENTS FOR JANUARY Y, 19 48 (Continued 


GUIDEPOST FOR TECHNICAL READERS. 


948, , PROCEEDINGS 


16, 147, 


116 


penile interent. Ins so fox as your may rhe: ‘covered inadequately i in th 


foregoing list, this fact is a gage of the need for your help on ae ee — aie 


ose who are planning papers submission to will | expedite Commitee action 


— 
— 
] 
— 
— 
as Style, COMMENT, 5 N 


AMERICAN SOCIETY OF CIVIL “ENGINEERS 


RETAINING WALLS 


Large ge-Scale Model Earth Pressure Tests on Flexible Dulkheads. 
By Gregory P. M. ASCE........... 


a pecial Features on Large-Scale Earth Pressure Tests. a 


Br. Epwarp R. Warp, ASCE, Joun R. Esa, 


oT Test Results to Wall Dae 


OR silure of Quey Wall at Mare Island, California 7% 


< 


should submitted by 1, 1 


— 

4a 
— 

a 
A 
— 
, 
q 4 
= 
= iii 
— 


ITRODUCTION 


LIAM H. SMITH,’ M. ‘ASCE 


Navy's s shore establishment is located on harbors and 


st ae = here the engineer must accept foundation and subsoil conditions as he finds — 


ce Almost any harbor improvement project involves filling out beyond the . 
aa shore line, building a , quay wall or bulkhead, and d dredging | outside ~~ 


Ing many cases the engineering problems of the Navy are rendered more difficult = 
_ because of the heavy surcharges to be provided for. ‘he weights of guns, 7 


turrets, armor, and other components of capital ships, the generally 
heavy of equipment, and the to more and “more 


These developments impose greater 


and greater on engineers accomplish results with- 
oe. The best v way to i improve engineering , design i is to i improve aici: of the 


2 aa o that every pound of material i is working at the fullest possible efficiency and 
om akan yet is never overstressed. The test program undertaken i in 1943 at Princeton 4 


for forces to be resisted and of the mechanics of the structures in resisting them, — 


aan University (Princeton, N. J.) under the sponsorship ¢ of the Bureau of Yards’ 


and Docks has this specific objective in view. By careful laboratory studies a 


a of lateral earth pressures, and, particularly, ‘studies of methods to reduce the 
lateral fluid pressure of hydraulically placed backfills, engineers 3 can insure 
against failures of bulkheads and can arrive at more economical designs that — 
will be safe and reliable. By further study engineers can learn even more about | 
the behavior of flexible bulkheads, and the effect of bulkhead displacement on 
~ goil } pressures, so that by modifying designs ¢ or methods of construction or both, 
they can build better bulkheads at lesser cost. 
Fes Briefly, the broad topics ‘studied under this. program! can be divided into 
main categories. First, investigation was launched into the determination 


lateral pressures exerted on steel bulkheads by backfills of 


in pry to ‘obtain the basic information as to the lateral pressures. to be ¢ ex- 
 gaapl with b backfills of these types. if Th he second _ phase of the problem was to 
determine methods for feducing these pressures. ‘Tests were conducted t 

Be determine the effectiveness of sand dikes, placed on a normal one-on-two slop 
behind the bulkhead, i in ‘reducing lateral pressures. effectiveness of the 

; sand dike | and of other methods attempted will be covered i in the first Syn 


Rear Admiral, CEC, U. 8. Navy, Washington, D.C. 
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development of designs to ut 
to the best possible advantage. 
} 4 
— | | 
— 
i he effectiveness of asand 
— sand-dike experiment, tests were made to 


. A fourth | investigation | was launched into the development : of a ee. 
consolidation of “clay backfills designed to reduce quickly the 
excess pore pressures in the | backfill and, correspondingly, to reduce the lateral a 
enue on the bulkhead. Finally, as a result of these studies, data of basic eo rh 
‘importance have been obtained for the analysis of the phenomena related tothe _ ee: 
- problems of lateral pressures of soils, and many avenues of approach for further | a 
study i in this field have been The present status of the 


Severs al aspects of the deserve ‘emphasis: 


4 ig (1) It is not a final statement of results. ‘It is rather a progress report on 


w hat | has been accomplished, a discussion of ‘the tentative conclusions and ie 
- terpretations of the test results, and an indication of the direction that further - 


(2) Although there have been free and intensive discussions among 
- fessor Tschebotarioff, his associates at Princeton, and the designing engineers | 3 


of the Bureau of Yards and Docks, the Navy has not attempted to force any 
unanimity” of conclusions or opinions. It is only by the application of ‘basic 
s principles of free speech—by the full and free presentation of divergent points — 


s of view—that a meeting of minds and a constructive, intelligent, and sound dset a 


ars 4 (3) It is neither ' the intention nor the hope of the sponsors of this investi- 
er, gation to resolve, once a) and for all, the many open questions it in the field of = 4 
mechanics. In one who does not attempt to qualify : as an expert specialist i 
this Science, there frequently arises a feeling of confusion and futility when one 
tries to reconcile the deep and apparently fundamental disagreements between 


The general in civil e engineering g must, make 


Medical doctors have been tee years to solve the mystery of the 
common cold. Perhaps, in comparison, the engineering profession should 
applaud soils er engineers for the great progress they have made in clarifying 
and delineating the behavior of mother earth, rather than look askance at 
achievements because they are occasionally clouded by controversy. 
These active differences must be recognized ‘rather, as in themes 
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complexity and variability of the materials with which these experts deal, RE 
and must have patience with them in th rinto 
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“BULKHEADS 


= the slope of nef semi nilogarithmic plot of a void- d-ratio cur 
ecu at level B; sho B- a constant in Eq. 30: 
reaction cat level 4 


a constant defined by Eq. 9; 
cohesion per unit area: 


diameter; average. diameter of a pile; 
— of elasticity 1 in 


= veld ratio: 
= critical void ratio; 

eee = void ratio at the surface, 

= void ratio corresponding sal 
base of Naperian 

= specific gravity of solids; > ae 
height of bulkhead : 
= critical depth or the d 


= hy drostatic pressure ratio; ratio of horizontal pressure to jie pres 


j 
sure; a consolidated | ressure coefficient : 


= ratio ae reaction B at the anchor level B; 


= ratio of pressures at depth h h; 
= ratio for passive pressure; 
=. ratio for the total pressure 


fe 

= ratio for the buoyed weight of solids: 
Te 


atio for the nonbuoyed combined 1 weight of soil and water; ; 
Ke =1 ratio for the bending strain, 


active pressure coefficient” for tri 


Be 


— 
“Soil Mecha rve (Eq. 30); 
— = 
— 
— 


nuary, BULKHEAD 


— 


| = span length; vertica 
model bulkhead; L, Tength of rile; 


= the value N for any hos 4 


on 


4 


P. = total active force on a bulkhead (pounds linear 


= total active force exerted on a bulkhead, wall 
= total active force exerted on a ‘a bulkhead ; fora a etabilie angle, ; 
= critical load on a pile; Ste 
P, = = total —— force exerted on a bulkhead pines per — 
Pi = total horizontal pressure due to o weight W;, (Figs. 43 and 45); 
a = total horizontal pressure due to o weight W; (Figs. 43 and 45); 
= total force from fluid i igs. 43 and 45); 


- the major principal stress; unit pressure fora triangular dike; 
= the minor principal stress; unit for liquid clay; 
Ps = unit pressure for a triangular dike; 
ratio of friction angles n/u; 
unit compressive strength of unconfined specimens; ~= 4 


specimens consolidated under pressure corresponding to effective 


R=r force; ; total lateral pressure; horizontal r reaction; subscripts 
wil! 


4 


We = total value veo a distributed weight, w 


4 
— 
— 
— 
— 
| — 
— 
| 
ance; as a subser t ‘ 
samerical factor less than 1.0 (berm 
a Reight of trapezoidal dike; th); ratio of top width to 
-_ 


a variable distributed load or weight; as a subscript, w ttiintee” “water”; 

= angle between the assumed rupture plane and the horizontal; oe eee 

“a from the top of the bulkhead to the point of maximum bending ~ 72 

ca moment on the bulkhead; Zo = : distance from the top p of the bulkhead a 

the point of theoretical zero pressure on the upper part of the 


~ 


= tan X for active pressure; 


= unit weight of in 
Y= effective | weight of soil, as ‘transmitted from grain 
“grain; equal to buoyed weight, when soil i is submerged; > 


a = = buoyed weight per unit volume for. sand; 
= buoyed weight per unit volume for clay; 
= “bending unit strain; = maximum of an equivalent beam freely 

= tangent of the angle 


= angle of internal friction; ¢, = = a unconfined com- 


efforts that. have 

been made, by Professor Tschebotarioff and his } associates, i in the ‘preparation . 

Officers: and designing” engineers in the Department of 


<a duties imposed by World War II and subsequently 
the reduction of funds arid personnel added burdens on all of them. 
ane During the transition from a wartime to a peacetime footing it has not been 


a possible to a assign any Navy personnel to this task full time and all have had’ ad . 
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Sigs eir share while handling many other assigned tasks. _ nd 
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BULKHEADS 


“ON ‘FLEXIBLE BULKHEADS 
BY GREGORY P. ‘TSCHEBOTARIOFF,” M. _ ASCE 


ne 


in this paper. The main design features of the testing installation 


at Princeton University (Princeton, ) are outlined. A description 
given of tests performed with | submerged sand backfills, with clay and with 

-sand- clay 1 mixture backfills p placed i in a fluid condition, and with sand dikes and — eer 
vertical s sand blankets of varying thickness backfilled with fluid clay. 
a Measurements are reported of the pressures exerted by the backfilled model co 
flexible bulkhead, against its supports, of the bending strains and of the a | 


flections of the bulkhead itself, , and of pore pressures in the backfill during and 
after its Results of soil classification tests and 


In presenting this interpretation of findings a e wri 
need to make comparisons with previously or published views. 
; ; the course of such comparisons he will refer to some relevant published von il 
_ ments by Karl Terzaghi, M. ASCE, not all of which have been fully substanti- 
by the tests described. No criticism of Professor Terzaghi is implied by 
a such | comparisons ; ; these pc sh serve as the most authoritative and most Ns 
a progressive available standard by which a comparison can be made of advances © ie o 
a the field of soil mechanics. — ‘The tests are concerned with pr oblems about rar 


: . which little or no factual data were available. For that reason most previous id 
Tecommendations concerning these particular problems necessarily were in the 
nature of guesses. _ The writer was impressed when he discovered how. often Pro- | 
fessor. Terzaghi right i in extrapolating his recommendations beyond the 
Pd realm of available data. The cases in which his judgment of incomplete or ie 
: inadequate data was not vindicated only emphasize the importance of large- 
scale le experimental research in the field of applied soil mechanics, a point o often ao 


Associate Prof., Civ. Eng., Princeton Univ., Princeton, 


§“Anchored Bulkheads,” by K. Terzaghi, Proceedings, Purdue Conference on Soil Mechanics and Its Eid 


Ww Vedge Theory of Earth Pressure,” by Karl Terzaghi, Transactions, ASCE, Vol. 106, 194 1, 


fad 


is 
rs 
5 — 
etween the model and the laboratory test results and the results of various 
_ known methods of analysis of the problems studied, 
‘Findings are stated which should bé considered when designing anchored 
flexible bulkheads. A method of approach to the problem of determining = =a 

J Carib pre BS Knead desion esented. Poin reg 
| 
i 
— 


reported in 
have shown the dangers of taking ¢ too ‘much for granted where soils are 
cerned. Every effort i is made, therefore, to indicate th the possible limitations — ihe 
of established facts and to differentiate between these facts and the writer’s — 

_ personal interpretation of the significance of recorded data, Whenever a an 8 
interpretation different from that of the writer has been advanced dine of 
the other Symposium authors, this fact will be dese 

me Problems to which no answer has been obtained are stated and the measures 
- taken for their solution are outlined. In t this respect, the gers has the char- 

er of a progress report, since testing is s continuing. i Saat 


. 


GENERAL | oF ‘First Serres of ELEVEN 

G3 tae (1) The original objective ‘set for the Princeton project in February, 1943, 
ao. to determine, by large-scale model tests, the quantity: of sand that would 


= to be interposed between the sheet piling of an anchored flexible bulkhead — 
ic: and a hydraulic backfill with high clay content, in order to decrease, effectively, , 


the fluid: _lateral ‘pressures: of of the unconsolidated backfill against the sheet 


piling. Three tests of this type were performed i in the succeeding four years. 
ou The | study of objective (1) involved « combined operations with two limit be 


of soil backfills—with clean ‘sands an and with fluid The installation 


a (2) ‘Study of | lateral pressures exerted against flexible bulkheads by fluid © 


i ‘ov backfills and by fluid sand-clay mixtures before, during, and after their 
¥3 consolidation—the study to include procedures for accelerating consolidation; : 


Verification of the alleged® considerable decrease of bending 
> in sheet piling resulting from the vertical arching of sand backfills between the 
anchor level and the soil below the level of the dredged line. 


the end four tests each had been performed in the study = 


EAs of ¥ Yards ‘and Docks was naturally anxious to obtain “quickly results which | 

ber to obtain results without exploring : some of the most complicated theoretical — 
aspects of the effective shearing strength of soils and other similar, only partly a 


explored, branches of soil mechanics. 


“Theoretical Soil Mechanics,” John & Sons, Inc., New York, N. Y., 


. could be applied directly i in the field. ins At the same time it was not possible 3 
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For foregoing reasons no was made to all possible 
“combination of relevant factors. — Instead , tests were ¢ developed which w ould | ie 
er mit the estimation of the relative i impor ‘tance of factors likely to be relevant, 
and a study | of the most important ones. To that end the program was fre- 
quently modified as the work progressed. 
In the design of the installation emphasis ~ was placed on tests with fluid 
clay: backfills and special attention was paid to model similarity with steel — 


sheet piling, in so far as the magnitude of bulkhead deflections was concerned. 


as in 1944, with ‘al measuring exuipmen and ‘other. a 


capacity is 370 ¢ cu i is suspended from the roof. 
a the stadium and extends from the sdindies of the enclosure over soil onan i 

(see Fig. 2) anda truck ramp. An electrically operated 3-ton hoist with 
3-yd clamshell bucket runs on the monorail and is used for filling the testing aa 
% eat. with sand backfills and for emptying it of all types of backfills. Ted 4 
testing tank was filled with fluid clay and sand-clay backfills (simulating hy- co 
draulically placed backfills) by “ ‘mudjacks.” 2 

a ~ £3 Screened silty clay soil material was stored in bins from which it could 

transported when needed along the ‘monorail by the crane and. the >clamshell 
bis. bucket to a specially constructed platform shown in Fig. 3. From the platform — — 

dry screened soil is shoveled by hand into the mudjack, is mixed in it with 

w ater, and then is pumped into a half-y ard dump bucket. | ‘The consistency of _ : 

the pumped mixture is made quite liquid, corresponding to approximately 


two or three blows on the liquid limit device. The crane tr: ansports the filled — ee ce 


5 dump buckets into the enclosure w here they are emptied into the’ tank. SOS ors 


a Essentially, the tank ( (see Fig. 4) consists of a massive buttressed reinforced. “ a 
concrete box which encloses (on three sides only) a as space 9 ft deep, 13 ft w ide, set a 
and 18 ft long. The fourth side is closed by the model flexible bulkhead w hich a ‘a 
‘is made in three ‘entirely separate vertical sections to minimize the effect of a 4 Z 
friction between the backfill and the side walls of the tank on the center bel =e 
head. ~All conclusions are based ‘on measurements on the center bulkhead Up a 
joints betwe en the three bulkheads, the side walls of the tank, the ymovable 
bottom: plate, and the concrete floor of the tank are sealed by very flexible a 
a loops so that no load transfer can occur through any of these joints. ee 
_ Each of the three bulkheads receives independent support at three eleva- a 


‘tions, referred to as the A- level, the B- level, and C-level. A- reaction. 


6**Record Eart h-Pressure by K. Terzaghi, Engineering News-Record, September 29, 


43, 


| 
| 
= 4 
Technology at Cam 
‘it hi at the Massachusetts Institute of Tec 4 
4 ’s, when building costs were much lower. Thi 
bridge, in the late 1920 ences of Professor Terzaghi. 
investigation benefited from the exy 
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adel to simulate (of ¢ course, to a limited extent the conditions of s sup- <- 
port and of varying restraint of the embedded part of a flexible anchored sheet — a 


pile bulkhead. To that end, the model bulkheads have been so designed that a 


: they cannot undergo any lateral displacement at the C-level but are free to a” 


a around their vertical support at that level. _ The A-reaction and the 4 
= -B-reaction are so designed that controlled lateral displacement. of their sup- 


ports is possible. The bottom plate covering 4 ft * ‘the floor of the tank can Bs ~ 
be made to yield vertically next to the B-s 


simulate ‘soil displacements i in the | field. “Such displacements of a backfill i in 


A a head j is developed after deformation. The free span between the A-level and = “] 
Bs er At the points P (see Fig. 4), six pre-stressing rods are provided (two for each 


for purposes of calibration and to induce additional 


= 


q 


‘ Bag — —_ 
Water Filled Surcharge 
Tank with Bottom 


‘ 
Canvas 


+ 


Z 


‘The w upper part of the testing tank consists of two 


reinforced concrete walls 7 ft high. The space | between these walls can 
im ee. monorail by the overhead electric crane. — A canvas bag fits into the space 
Bac: ear thus formed, which can be filled with as much as 6 ft of water thus providing # a 4 


closed at both ends by removable steel bulkheads easily transported along the 


uniformly distributed surcharge over the entire surface of the backfill. 
es schematic drawing of the general assembly is presented i in Fig. 5 os a 
structural members C1, C2, C3, C4, and M1 form part of the finished testing B- 
tank. _ Places designated DS indicate the center lines of the 2 six supports of 
‘the three bullhead sections at two different elevations. These — are q 


: 


the B-level is 6 ft, which corresponds to a model scale of approximately 1: 


> 


— 
a 
: 
— 
4 
? — 
ty [Waterline — — — — — - | +1201 
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a 


sdoo7 40q 
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ant 
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wary, 
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a 


y +— 


M121, 
base that ‘supports: the fill. "Designations Bl, ‘B2, B3, and B18 constitute | 
the supporting frame for n measuring ‘deflections, which was provided with sup- 
ports independent of of those designed to take care of the bulkhead ‘reactions. 


The vertical: reactions w were measured on the central bulkhead with two 
- Carlson pressure cells embedded | below the C- -level i in the concrete floor of of the a 


testing g tank. Overhead beams were used to suspend the bulkheads only during 
a their erection. Bulkhead deflections and displacements were measured all — ‘. 
he _ along the vertical center lines of each bulkhead at elevation intervals of 43 in. 
mechanical dial extensometers reading to 0.001 in pi: 


ae _ Electric resistivity strain gages (SR-4) were used in the construction of 
ae the specially designed dynamometers’ which measured the reactions at the _ 
bulkhead supports. The same type of gage was used to measure the bending B 


strains across the entire width of the and at every 44-in. 


ig 


Central: 
Steel Bulkhead - 


Sheet 


Strain 


Galvanized 


supporting steel girders (F) are anchored back to ‘the web | WN) of 
steel column forming an integral part of the reinforced concrete tank. This = 


Resistivity Strain Gages Over Long Periods of Time,’’ by Gr egory P. Tschebotarioff = 
or Experimental Stress Analysis, Vol. IIT, 1946, p. 


| 
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BULKHEADS 


“a web is located in the | a result of 
this: arrangement, the length of all compression members of “the ‘supports is 


equal to the length of all tension members. Since they are. all supported on 
rollers, temperature deformations of these supports will permit them | to 


without producing any motion of the bulkhead itself. This phenomenon is. 
important since other wise active and | passive earth pressure would be brought 
into play alternately. The jack (J) shown in 1 Fig. 6(a) is used to release the. 


‘ ‘support | when so desired the jacks @® in Fig. 6(6) are used for pre- -stressing ad 144 
and balancing purposes only. After the erection was completed, it was found 


that 1 ‘no frictional or other resistances to lateral motion could be mea asured in in 
‘The special arrangement illustrated in Fig. 6(c) permitted the fixation of 
“strain gages on n both faces of 1 central steel bulkhead including the face ex- — 
e result of this design was that the earth © ms 


and | water pressures were transmitted to the main steel bulkhead a in. thick) ~ 
as concentrated line loads 4} in. . apart in a vertical direction. Fe In so far as the | 


_ bending moments were concerned, for all practical purposes this combination aes . 
was equivalent to distributed loading, since - thefspan between supports A and 3 


was 72 i in, steel plates (} in. thick by 8 in. wide) i in direct contact 

- line only and were free to slide at their ends on the Kc ah J 
covered. It was surmised that this arrangement would have a noef- 
fect on the general rigidity of the bulkhead so that the moment of inertia of <— 7 


the entire ‘system would not be noticeably different from that of a solid steel 


S plate 1 in. thick. This assumption proved to be correct as shown by calibra- moa .. 

a interior of the tank, during repairs to the insulation of the gages on ee se me 
a 


The readings of these 
"gages were aver raged ‘clectrically in two and three pairs, respectively. 
The control room is. shown in Fig. 8. The south upper removable 
bulkhead, the refer ence system for deflection measurements," the A- level 


‘The grain-size of the sand, the clay, and the sand- clay 
mixture used as backfill, as determined by the standards of the American +) 
— Society for. Testing Materials (ASTM), are presented ir in Fig. 9. ‘The liquid cay 
limit (wz), of this silty clay was 30%; the plastic limit (wp), 23%; and 


the plasticity index (I Pp), 7%. F. W interkorn, Assoc. M. ASCE ] 


a . further ‘mineralogical and physicochemical study of the red-colored 


clay i in his” Soil Physics Laboratory at Princeton University. The _Tesults 
showed that the. clay mineral v was almost entirely kaolinite. Professor Winter- 
further stated that this New Jersey red clay soil was: * * well leached, 
contains: any, | exchangeable bases, Tepresenting mainly an H-clay, and 
ile and chemically quite stable.” The 


and water absorption data indicated a 
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Direct and triaxial shear and unconfined tests were 


Sand-Clay 


in writer’s Soil Mechanics Laboratory at Princeton 
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0 irect anc riaxia tine 
the sand ir in a condition 


NAS 


a performed on the clay = 
placed in the laboratory 
testing devices in an orig- 

—iinally fluid condition gave 
an angle of internal friction 
of approximately 17°, The 
corresponding for the 

sand-clay mixture was 

‘Shear tests were 


from the backfill. 
addition, it was a 


aboratory 


tion p processes that occurred 


the backfill of the test- 
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ties prevailingin the backfill N Clay Sample N 
during the tests (from 92to 
had an angle of internal fric- N N 
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pressure. consolidated product can then be cut into by 1-in. by 2-in. 
‘specimens for the unconfined compressive strength tests. — Ee few tests were | 
also made with still larger floating ring consolidometers (12 in. in 
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Description 
Sand. Clay Mixture, Consolidated in— 
ay ‘Testing tank; sample under its own weight, 
— 


plus a a surcharge. of 375 per ‘sq ft 


Oversized d floating ving: consolidometer “(lal 
‘Clay Only, Consolidated in— 


Oversized floating ring 


Ke =. 


aye 


plus a surcharge of 375 lb per sq ft 
Testing tank; sample under its own weight 


The results tests on specimens (curves II and 


“Im give straight in lines wi with identical slopes (the angle of of which i is referred to 


“Gh 


pose two oversized floating ring-type ‘“‘consolidometers,” 6 in. in diameter, 
were designed by the writer (see Fig. 10). By use of this device the original 
— 
As Pressure (Lb per Sq Ft) Under Which Specimen Was Consolidated 
The unconfined com lay mixtures 
— 
4 
 IVandV.2 


4 even though their “unconfined comprensive: lip were 
plotted in Fig. 11 against: consolidation pressures smaller than the actual weight 
of the overburden, s some allowance having been made for effects of friction mee 
against the walls o of the tank. » During the tests with the clay and with the af Ae 
sand-clay mixtures, ‘and after r their consolidation was completed under 6 ft 
- water surcharge, the unconfined compressive strength and the water con- _ 
~ tents ; of both types of backfill were found to have an almost constant value 
a hroughout the | entire depth. © In the: case of the sand-clay mixture the un- 
- confined compressive strength v was even higher i in the upper than in the lower c 
layers. The condition observed in the clay backfill may have been caused 


7 


during a stage of drainage by some evaporation through the 8-in.-thick ‘sand — 
overlying the clay. the test with the sand-clay mixture a similar result 


may have been obtained because some segregation appears to have occurred PR 


the of the fluid so that the upper layers had a higher a 


te attributed in part to the increased structural strength t that ‘Tesults 


“aging” of the clay. With this type of clay ; no effects were observed of = 
‘kind | described by Professor Terzaghi in 1946° in reporting on de- 
velopments of of his earlier related studies of natural deposits.® 


= Two independent calibrations of the testing apparatus were 

iar The first calibration was made with the pre-stressing rods P (Fig. _ 4) which me - 
_ duced bending strains in the bulkhead both before and after the fi flexible rubber 


— loops and the outer : steel plates (% i in. thick by Sin. wide) were mounted on the 
central: bulkhead. The results of this calibration showed that the bending- 
strain: readings v were identical both before and after these plates were mounted, 


thus proving that the stiffness of the central bulkhead had not been n noticeably 
increased by the special construction illustrated in Fig. 6(c). 
he second type of calibration was perform med by filling the testing tank 4 


with water. Fig. 12 shows the bending strains measured on the central bulk- :* 


head during the water calibration. ‘The readings were sufficiently accurate 
to ermit determin ion of the shears V by the formula: 


in which M denotes moment. curve was passed through 


ie the points ob obtained and this in turn permitted the determination of the pres- . oe 


hed 


“Pitfalls of Soil | Mechanics,” by Karl Terzaghi, The News, Philadelphia | ‘Section, ASCE, 


&§ ‘‘Undisturbed Clay Samples. ond Undistashed Clays,” by Karl Tersaghi, Ji 


4 
| 
— 
1€C ests OI long duration (o Months) were periormed in consoliaometers 
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was ‘obtained between ‘the actual and the 
By pressure distribution. This method of pressure computation, how- 


ever, was possible only when strain readings were taken over ‘relatively short — 


‘Strain 


of the bending-strain readings occurred to permit the double differentiation 
procedure. Furthermore, reasonably accurate values could be obtained only 
the central part of span between the _A-support and the B-support. 
oe Within a foot or so from these supports, where the slope of the bending curve = 
a ait _ changes rapidly, this procedure was not reliable. — _ Never ertheless, in | some cases 
sine (for instance, for the determination of lateral pressure variation due to incre-_ 
: _ ments of surcharge loading), this procedure of lateral ‘pressure computation 


from observed strains of the bulkhead certain important 


r taken with various measuring units of the testing assembly. As a 


e| calibration it can be stated that the ‘measured reactions | on the 
ined with an accuracy | of +10% | or Detter, 


— 
— 
— 

Pr 
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| 


January, 1948 


4 the. A- level reactions having a slight t tendency to somewhat t too high. and 
The most reliable type of readings were the and the de- 
flection readings. This follows from the nature of this type of measurement, 
from the calibration tests, and from routine checks of the > bending strains sag 
of the deflections ag against other. Such checks were performed for all im- 
“portant | test. ‘stages. -Deflections were computed from the measured ed bending 


strains by the elastic weight. method. The computed deflections compare vel 
approximately . 5%. This i is an n additional indication o of the reliability of -~* 
bending-strain readings recorded in this investigation. 


‘The electric resistivity strain gages used i in this study permitted measure- 


ments of a a type: which “otherwise: would have been Strains o of 
can be detected under Nevertheless, 
extremely delicate and require special techniques of h handling. The 
~ encountered | and the e methods developed to overcome | them, have been de- 
4 scribed elsewhere.” a final result, these gages were adapted to the = 


of instability. It was found advisable to install at least 50% wm more gages il . 


ss needed, since approximately | one third of them were likely to go out of order Be ro 7a 


during prolonged tests. Tests longer than 6 months appear inadvisable. 

eee: The two pressure cells for the measurement of vertical reactions under the = 
center bulkhead performed satisfactorily. However, at low pressures, their 

readings could be used only as an indication of trends—not of precise »values— 


ft because the cells had a ‘somewhat higher load load capacity than actually proved nee 


—_ Carlson pore oe cells were calibrated and checked for eee 


first because the built, up to pressure in n the backfill, but did not subse- 


‘quently show any decrease when the pressure was Telieved. This condition 


was traced t to ) the clogging of the too fine porous stones. After the e stones were 
by @ coarser variety the pore pressure cells very well and 

— es 4-9 


The upper reaction A, per foot of f width, at the anchor Ie level A; 
a (2) The lower reaction B, per foot of width, at level B; F 


The total pressure of width of the 


A+ 


+ The significance of the value €, is illustrated by F ies 

Positive bulkhead bending strains that occur 


— 
q — 
= 
— 
“a 
; 
valent beam freely supported 
— 


BULKHEA 


the A-support and the B-support and the maximum bending strains 


the B- are very strongly affected by any displacement of these 


for the estimation of pressure 


of the displacements 


Gables nor is it possible to 

reproduce “field” conditions — 

by such control since innum- 

erable variations of the con- 
‘ditions of restraint of 

lower embedded parts of 


are possible i in the 


= 


an equivalent beam 


ee supported at levels A and B. 
Therefore the value of 


depends only, on the 1 magni- 


- one tude of f the total ‘pressure acting against the span / A-B. of the bulkhead and on 


reg 


the distribution of pressure along that span. 


q 


In order to compare the test results further the 80- -called hydrostatic pres- 


sure ratios K were computed for each of the preceding four values (A, B, R, 
stages: of the tests. The corresponding K-values are referred 


As ‘shown in ‘Fig. 13 the K,-value } is equal to the ratio the actually 
measured value of the reaction A and the value of A computed f for a a completely 7 
frictionless fluid of unit equal to that of the backfill. The value, 


ee 


5% the ‘strength « of different types of laboratory tests and of different formulas and se 
assumptions the shearing strength which is effective in reducing 


Possible arching effects estimated by comparing the measured K Ke 


to the conventional K values. Additional information on this’ point 


was obtained by comparing the measured K values s to the measured Kr-values 


since arching produces only. a redistribution of | pressure which therefore should © 
affect the bending moments only and not the total pressure. The actual 


measured values of the negative strains at the were e also 
onsidered i in this connection. 
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= strains €, equal to approximately 60% of the values corresponding ¢ to ‘a 


of 


The 


ty of lateral pressures 
as tensile) z zone an nd i ite lower — zone ee by a a rigid boundary 


0 
~ line 6-6, Fig. 14, with a sand blanket of a thickness equal to the height of the a 
bulkhead ‘(line | -8, Fig. 14), and with a sand blanket only one half ¢ as thick 
(line 9-9, Fig. 14). lateral pressure ‘of the sand dike alone produced 


a 

Clay Placed in a 


1G. —STRUCTURAL EFFECT OF A Dike 


slope was ‘Sound to be fully effective in 1 reducing the fluid lateral pressures 

_ transmitted to ‘the bulkhead fr from the unconsolidated fluid clay backfill b behind ~ ba 

_ the dike. The pressures against the bulkhead | were 1 no ) greater than those 

exerted by a backfill composed entirely of sand. 
me _ The interposition between the fluid clay backfill and the bulkhead of a aa 
‘vertical sand blanket with a width equal to 1 the bulkhead height was found to te 7 
_ be just as effective as the interposition of a sand dike. When the width of the Sov 
4 _ blanket was equal to one half of the bulkhead height, it was only approximately _ : 
Re. half as effective, and it was completely ineffective when its width was equal oan a 
- to one tenth of the bulkhead height. * In that latter case the lateral pressures ae 4 ip 
transmitted | to the bulkhead from the unconsolidated clay backfill were 


The foregoing statements should be taken only as indications of order of 
of the clay did not further decrease lateral pressures in the _ 


case of the sand dike. Fig. a and the ef- 


ane ber used forcomparisop 
4.4 
= 
pe 
= 
‘ 


within the clay. _ The same observation lateral pressures was 


in the case of the wide sand blanket (8-8, Fig. 14). In that case the entire ee 
probable -~ plane lies within the sand - mass; this could not happen when re 
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Conpition, Minus 8 Fr or 


—. sand blanket (9-9, Fig. +14) was was used, and therefore its ; action was le ess 


reased the lateral pressures. %y ‘The foregoing analysis is somewhat different 
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Presence does not to have 


the lateral pressures | in “comparison with those in another test in 
which no bentonite layer was present. This observation may be explained by 
the lateral expansion of the sand backfill as a result of the consolidation of the 
bentonite, which | expansion may have reduced the lateral pressures. | 
: aor Curve 2, Fig. 15(b), shows the component of the bending strains produced 
¢ by the buoyed weight ¢ of the solid id fraction o of the fluid clay backfill ill during sad 
No. 3 w res the entire backfill was clay; curve 3 shows the same values for 
_ test” No. 5 5 when the backfill was composed entirely | of sand ; and curve 4 gives — 
identical values obtained during test No. 6—when sand dike was 
_ backfilled with fluid clay. _ The effectiveness of the sand-dike action is clearly — 


| 


~ 


“oy ‘This finding is conf firmed by a similar relationship of the deflection curves _ 
“of the center bulkhead during 1 the three tests just en Fig. 15(a)) 


“clay backfill, but it cannot ‘speed u up the consolidation of the backdill itself 


thereby increase its power to support vertical loads. 


(1) Accelerated Consolidation of Fluid Clay Backfills of Prefabricated — 
Horizontal Sand Drains —The consolidation of originally ‘fluid clay backfills 


can be accelerated effectively by the use of a system of prefabricated horizontal 
we sand drains (for example, burlap cylinders filled with sand) connected to well i. 4 
points. “This method was successful « during on one of the tests. 


Vertic tical sand drains have been used Successfully for some time; ; but, in 
en so far as lateral pressures | s of backfills are concerned, they | have some disad- 
Vantages. First, they cannot be installed until most of the backfilling i is com- 


pleted. "Second, each drain must be pumped out or bailed out individually 


backfill in order to increase its effective weight, and thus to 


An interconnected system of horizontal drains does not 
have the aforementioned disadvantages and has some further merits as com- sed & 
pared to horizontal sand blankets—the continuity of \ which is likely to 
destroyed by mud wave formation during backfilling operations. The i 

_stallation of such a system of drains in the however, 


| 
ed that a bentonite layer 4 in. thick had been placed over 
= the sand and gravel drainage layer during a preceding test. Although orig- #=§ (i 
inally placed at a water content well above its liquid limit, the layer was 
rapidly consolidated so that it had an unconfined compressive strength of \ 
approximately 200 lb per sq ft. As a result ae 
the action of the sand dike. 
i. ee, During a preceding test with a backfill entirely composed of sand, the pres- — j ink 
| 

— 
— 
hig 
= 
studies of F1 onstruction Over Mud Flats Including a Description of xxperimental Construction 
ng Vertical Sand Drains to Hasten Stabilization,” by O. J. Porter, Proceedings, Highway Research 
ard, National Research Council, Washington, D. C., 1938, Pt. II, pp. 129-141. 


Pipe Connecting Well Points + * 
« 
and Leading to Pump Line 
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that, in ‘the bulkhead itself, there y was a simultaneous decrease in bendii 


tinued until the consolidation was completed and an “ “at rest”? or heen 
more appropriate term) a “consolidated condition 


te 


8. -January 2 29 First reading of the first water ‘surcharge 


10. ey _February 20 reading of the first 6-ft water surcharge 


: Test stages 3 to 4, Fig. 17, correspond to backfill consolidation under its 

wn weight : and test, ‘stages 8 to 10, Fig. 17, correspond | to the consolidation of 
the backfill under a ‘surcharge of 375 lb pe per sq ft. ‘Fg. 17(6) shows 2 a similar q : 


decrease of deflections s during the same test ‘stages. 
ge Conventional stress- strain equations have no meaning in this pail since 


the increment of strain has a negative value, whereas both the increment of a 


aves 


According to one current popular concept,” outward motions more than 


of the height of the’ bulkhead are to mobilize fully the 
Fundamental Fallacy in Earth Kari Boston Soc. 
of Gy, “Theore Bo 1936, p. 87. 
Th 


likely to present some diff 
“At Rest” or “Consolidated Equilibrium” Lateral Pressures—During the 
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strength of a clay | soil | which is effective in reducing later: 
Pri inceton tests show w that this concept applies neither to plastio 
hind flexible » bulkheads nor to their ' “consolidated equilibrium” pressures. 
li are smaller than fluid pressures; and no induced outward 1 motion of _ ia 


- bulkhead is needed to achieve the corresponding reduction. 
_ Conventional laboratory methods of determining 


~ 


is no reason to assume that the of 1 the “shearing strength at failure,” 
hus determined in the laboratory, are necessarily identical to the values of ; 
—_ soil shearing strength which are effective in reducing fluid lateral pres =. 
oof unconsolidated clay | backfills against flexible bulkheads to a “consolidated = 
equilibrium” condition. This p pressure e reduction occurs any outward 
motion of the bulkhead ‘and therefore without the he development i in the backfill _ 
- deformations of the type necessary to p ‘pr roduce failure in laboratory spec ron 
mens. Obviously, this ¢ condition does not involve of all 
the latent shearing resistance of the consolidated clay. 
Pixs During the Princeton tests the over-all Kp-values (see P Part | I, Section E)— 
for the ‘consolidated equilibrium” condition of submerged clay 
found to lie between the limits of 0.70 and 0.80. These coefficients 
the Ke+w-values defined subsequently in Part II, Section E. They include | 
weights of both solids and water. The K-coefficients are usually. intended 
to Tepresent the so-called hydrostatic pressure: ratio, or the ratio of actual 


lateral pressure to the fluid lateral pressure of a liquid. of a unit weight 


_ to that of the soil. I ‘For naturally ¢ consolidated ¢ clays the K- values ‘ ‘at rest”’ 
have not been known; but they have been estimated by Professor Terzaghi, 
apparently on the strength of intuitive reasoning, as probably ranging hebeen 
Bees:  . S. Housel,’ M. ASCE, also has reported measurements on tunnel linings, 
ae from which the final value of the ratio of measured lateral pressure to the 
7 computed weight of the overburden at the same elevation can be computed. 
It is approximately 0. 66. The driving of the tunnel must have  prodneed — 
appreciable disturbance of the elay in its vicinity; hence this value, similar to — 


the Princeton data, corresponds a “consolidated equilibrium” condition 


and not to an ‘ “at rest” state of a deposit. 

Os (3) Lateral Pressures in Upper Unrestrained Zone of Backfill—During the 
ee tests an induced outward tilting motion, as much as 1. 5% of the height of i. 
bulkhead, did n not continue to decrease the “consolidated equilibrium” 
sures in the upper zones of either a clay backfill or a sand- clay mixture. 

_ condition was found to be true even when the backfill was coverconsolidated 

by the application of a surcharge and appreciably increased its cohesion (as | 
* / much as four times) as evidenced in the laboratory by unconfined compressive - | 


to 


strength tests on undisturbed s samples taken from the backfill. (The uncon- 
ed compressive strength was i increased from approximately ' 70 lb per sq ft to 
te 300 lb per sq ft for the — backfill — from an n unknown value 


“Liner-Plate Tunnels on the ‘Chicago Subway,” by Karl “Tersaghl, in ‘‘Earth and 
Shearing Resistance of Plastic Clay: A Sy mposium,”” Transactions, ASCE, Vol. 108, 1943, p. 989. 


“Earth Pressure on Tunnels,’’ by W. 8. Housel, ibid., +1045, Fig. 41. 
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2 Since these findings and conclusions were presented at the . January, 194 


and shearing § strain of plastic ¢ clays | have a parabolic relationship, and since no 
evidence was found of an increasingly « effective shearing strength at 1.5% out- 
_ ward motion of the bulkhead, the writer considers that no further t appreciable 

: utilization of strength could be encountered i in the upper backfill zone at larger 
~ induced displacements—say, at an outward ‘motion of 5% of the height of Cae 
the bulkhead. In addition, such large motions could not be normally induced _ 


the field and therefore were not included in the Princeton tests. 


baa _ Annual Meeting of the Society, the writer has learned of confined triaxial teste 
performed in 1934 in ‘Holland (from a a letter dated June 24, 1947, from 
E. C. W. A. Geuze, chief e engineer, Research Department, State Laboratory of 
Soil Mechanics, Delft, Holland). A decrease of lateral pressure was ¢ observed | 
then. during the consolidation of undisturbed clays which was accompanied by 
a decrease of the diameter of the specimen. ee The tentative conclusion was also | 
_ arrived at there that the active pressure of clays should not differ greatly from | 
their “at rest” “pressure. These findings were presented in a report. to the 
1936 “Congrés de ’Urbanisme et du Sous-Sol” Paris. The report has not 
Since definite values of lateral pressures were actually measured against 
the 1 upper part of the bulkhea ad, this finding shows the fallacy (or, at best, the | 
limitation) | of a popular concept illustrated by Fig. 18(a), according to which 
thes be n no lateral ‘pressure | of a plastic clay backfill to a 80 -called ‘ ‘critical | 


“unsupported eu cuts, any anchors 0 struts that ‘provent bulging should naturally 


height” of backfilling, is not ex exceeded. quantitatively exaggerated example 
of this bulging has been | presented by Dale T. Harroun,!* Assoc. M. ASCE. — lf ea 
_ the critical depth is exceeded, lateral pressures in the walt zone can no longer a Se 
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” After any outward induced motion, the upper 
zone of on plastic clay v will readjust itself to conditions ser ti to endl 


Consolidation 


‘ 


~ 


ncep 


The writer i is not aware of any one having winsieiaees in plastic soils of any | 


an absence of lateral pressures : against ‘critical height” 


part of retaining structures with a height greater than t the “ “eritical’ ’—that i is, 

of the kind illustrated by Fig-18(@)} 

ie ie general t trend of pressure di: distribution established during the Princeton 
tests: is illustrated by Fig. 18(b). It applies to plastic clay backfills behind 


Kexible bulkheads ; and it is valid for material that has been consolidated 


Lateral Pressures in Lower ‘Restrained Zone of Backfill. 


ard ‘motion of the bulkhead did decrease the “consolidated equilibrium” 
in the lower zone of the backfill which i is restrained by the 


— 71\ 09 = = — 
ex 
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; aa. case of a more “rigid” backfill consisting of a sand-clay mixture, as illustrated BY, 
by Fig. 19, which gives the approximate distribution, | with depth, of the Zz .. 

values from the measured Ke-value and the K, 


Since 


also an of the distribution with ‘the h of the lateral | pressures 
of of unit weight dash- dot curve in ‘Fig. 19, 


he Measured Lateral Pressures of. ‘Plastic Cohesive, ¢ and of ‘Semicohesive, 
_ Backfills Compared to the Results of Laboratory Tests. —N o generally valid rela- ia 
_ tionship could be established between the shearing strength of clays and .. 
mixtures at failure (as determined i in 1 the laboratory from | unconfined — 
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ve 
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an? { 45° — 
Age 


d the corresponding formals for unit lateral 


)-2 


Eqs. 5: to fully soils and state that fluid lateral pressures 
are decreased as a result internal friction (expressed by it its angle as well 


and¢ c vary ‘greatly depending on athe used to pg 


Studies by Professor Terzaghi!® ond Ralph B. Peck, 27 Assoc. M. 
% have resulted in the wide : acceptance of a trend to consider that friction (as _ ne q 
expressed by laboratory values of ¢) is inactive in clays, and to take into con- 


4 _ sideration only the cohesion c, which j is assume 


are still used The walter 


to the n matter vit a completely open mind—to compare results 
. tained on the strength of different laboratory testing procedures with ‘actual — 
measurements of lateral pressures and to let the facts speak for themselves. 


“‘Earth-Pressure Measurements in Open Cuts, Chicago (Ill. ) Subway,” by Ralph B. Peck, in “Earth 
Pressure and Shearing Resistance of A Symposium,” Transactions, ASCE, 108, 1943, Pp 


> Plate Tunnels on the Chicago a) ‘Subway,” by Karl ibid., 970-1007 
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BULKHEADS 
a. rapid shear tests ‘on undisturbed ‘samples extracted by 
means ¢ of Shelby tube samplers, 3 in. in diameter, from lined bore holes, 4 in. i a 
oe a in diameter, in the backfill gave much too high values of g@ and ¢ for use ‘in - _ 
Eqs . 5. Lateral pressures computed with these values were too low even if 


a ei kh Results of rapid shear tests on originally fluid samples of clay consoli- _— 
re is dated i in the laboratory, when plotted in the conventional manner, gave values — 


tee of c = 0 and of ¢=17 ° which, when used i in Eqs. 5, agreed spoon fl 
ah with measurements on the yor’ In the case of the sand-clay mixture the 
values of (82°) thus obtained | were mu much ch too high (approximately twice 


compressive strength tests on th the clay samples | gave values 
es of c determined from Eq. 6 which, when used in . Eqs. 5, were in reasonable 


S75" "agreement with observed pressures as long as the clay was not overconsolidated - 


bd See . - Otherwise the c-values were too high. In the case of sand- clay mixtures the 
e-values thus obtained were too high under all circumstances. 


The following expression, developed by the writer, happens correlate 
= _ laboratory test results and the measured values of lateral pressure both of con- B 


~o 


as 


a 


1 
solidated clays and of consolidated sand- clay mixtures (see Fig. 18(b)): ( 


‘most identical both for the and for the sand- clay mixture. further 
should be emphasized (see Fig. 19) that the clay a and the 
consolidated sand- -clay mixture exerted very similar lateral pressures, although — 
these two types of soil had completely. different characteristics when tested 

Po by different conventional laboratory procedures (see Fig. 11 and Part I, 3 
ae ‘Section D). The greatest discrepancies between observations and — of 
ee _ laboratory strength tests have been recorded for the | sand-clay mixture. This | 
Saw ae type of material is frequently used for hydraulic backfilling operations. fie 4 
(6) Possible Use of the Theorves of Elasticity and of Plasticity —The pre- 
"ae ceding findings ‘make it appear advisable to examine possible methods of de- 


1g lateral which do not relate them to their s strength a at failure, 


ii 


‘a 


es be deformed to the p point of failure. me ‘In the past, iil have been made 4 
ra by Lazarus White, E. ‘A. Prentis, ‘and the late George Paaswell,'® Members, — 
ASCE, that: the theory of elasticity be used for the dstermination ¢ of lateral 
pressures of all soils. However, the knowledge of the value of the. ‘Poisson 


ratio of soils, at least, is necessary for the There is no known labora 
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grain to grain. in the case of a submerged soil represents 1s Duoved Gry 
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N 040, 73. azarus White and Hdmund Asticy Frrentis, VOlumbDia Univ. Fress, New York, 


made. For instance, W. H. Weiskopf, ad M. ASCE, has offered a modification 


f determining this s value; and us usually it it i is is estimated i 


For the time being, therefore, more direct experir justified ap- 
‘proach to design problems appears advisable, as recommended sete 
under Section E. Nevertheless, the adaptation of the theories of elasticity — =% 
and plasticity to soil problems, so as to permit the development of practically — c 
- usable methods for the determination of lateral - pressure distribution of dif- 
/ types of soils under varying conditions of boundary restraint, should 

‘not be considered. permanently impossible. poses. a challenge both to 


theoreticians and to experimenters. New attempts are continuously being 


of one of the conventional assumptions. - He starts with a varying ratio oe 
tween the modulus of shear Eg and of ~s modulus of elasticity EZ, instead of | 
the conventional constant ratio. 
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©. PHENOMENA or IN SANDS 


?. 


ard 


(1) Findings of ‘the Princeton, Model ‘Tests—With to normally 

placed backfills, no evidence was found of any pressure relief ascribable to 

vertical arching between the anchor level and the level of the soil below the 


= line. No decrease of bulkhead bending moments was observed corre- -. _ 
sponding to such arching action, as is sometimes assumed. This finding refers = =e 


§ to normally placed sand backfill—material dumped through water so that _ 


slopes away from the bulkhead at a uniform height across entire of 
tank, at all stages of the backfilling. 
Indications were that there was arching under wash when the 
sand i is in place at both end ‘Supports of a yielding structural unit before its 
ew deflection. For in instance, , arching i in a horizontal direction occurred w when 
the sand w was not uniformly d dumped across the entire width of the tank. % Rela- 


¢ tively greater pr pressures were re developed on the bulkhead section yn against which 


arch in n the ond ‘which relieved pressures “against ‘the. he remaining 


Ps, Such arching (in a ver tical direction) a as did occur was found to. be unstable, A 


4 = that it should not be relied on for design purposes where : sand backfills are 


concerned. A of the bottom of the tank near the B- B-suppor 


sand than are usually below the natural ground level against ~ 


Other Conceptions and Their ‘Analysis.—In the case of clean sand it has 


held that” the actual bending moment in a sheet pile bulkhead, as pro- 
Stresses in Soils Under a = Welter H. the 

1945, pp. 445-465. 
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‘ua about one half of the maximum bending moment congtted on the basis - 


of hydrostatic pressure distribution (line atb,, Fig. 20). The writer, among 


shared this view. The: total “pressure represented by both lines is 


fore, a decrease of positive bend- 
ing moments below the 
—> level can be produced only by 
a redistribution of pressures 
over the span beneath the an- 
chor level; or by an increase 


ative bending moments at that 
‘Fig. 21 illustrates the changes 


4 
occur in the maximum 


veld with a resulting increase of neg- 
4 


tan, 
possible limit cases of load 


2” 


supported beam, depending | on 
distribution, the total load 


maining the same. ‘It 
4 ey produce a 50% reduction in the 


tion of the bulkhead itself "(see Figs. 15(a) and 17(6)). Th he e support ¢ did yield 
in spite of the fact that the A- support was somewhat more unyielding than a 


Current opinions concerning a strong ng effect of arching on the decrease of 


bending moments in the sheet piling have been strongly influenced by the 


writings of R. Stroyer,” ,21,28,24 in England. In suggesting the use of his graphs 
: ae for actual design, the ‘fact has been often obscured?5 that some of his recom- 
Mendations were purely speculative and that others based on mn small-scale 
tests which did not reproduce actual backfilling conditions. 
their turn, Mr. Stroyer’s conclusions have been influenced by r 
mendations of the Danish Society of Engineers, first issued in 19267 and then 
% *‘Earth-Pressure on Flexible Walls,” by Rudolf Nielsen Stroyer, Minutes of C.E 
ye ‘‘Concrete Structures in Marine Work,” by R. Stroyer, London. 
‘Sheet and Donovan Concrete Publications, Ltd., Tendon... 


p. 35.. 
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pressures are not actually developed, presumably because of the progressive 
c 
hy 
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amplified i in 1937.26 teow as could ascertain, these recommenda- 
tions represented an empirical attempt to take account of the fact that some 


| bulkheads had stood up, whereas to conv. ideas they should 


¢ ie 
0.125 WL 
4 


¥ ‘ 


distribution ‘in Fig. 22 p a 10% reduetion of 


bending moments as compare 

pproximately 18% reduction is caused 

a redistribution of pressures that ac- 
company arching and the remaining ap- 
proximately 22% reduction results from 
an assumed decrease of the total pressure. ty, 


The anchor pulls a are not decreased by the | ae 


e lower half of the span below the anchor 
level. This i is in general agreement 


“of the pressure ‘distzibution . curve in Fi ig. 
Fig. 23 shows the limits of the K-value 
variation along depth of the bulk- 
head; and therefore it also shows the 
: limits of the pressure distribution (accord- 
‘ing to Eq. 4), as established with sand aif Fa 
during the Princeton tests. 
the Princeton’ curves is quite 
“from the shape of the curve 


mixture 
ture from eonventionally assumed hydrostatic pressure distribution. 


Normer for Udgive ets af Dansk Kgbenhaven, 1! 1937. 
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— has for ‘med ¢ an 1 opinion that the dominant factor in any actually nebo 
of pressures may be the influence of an underlying rigid boundar 
Under actual prototype conditions the lower boundary (that is, the 


ij “als ; ue Tine) will be located as shown in Fig. 23 well above | the level of the resultant of 
a “passive earth pressure e (B- level, % Fig. 23). Accordingly, the effects of this 


— 


Support 


A 

* 

Conventional Assumptions:7 K and Hydrostatic Pressure Distribution Age 


—EsTIMATED PrEssuRE DisTRIBUTION OF SAND BACKFILLS” 
‘boundary should extend so that a of pressures may reault 


alt 


: ae shown by a dotted line and a question ‘mark in Fig. 23. As in Fig. 19, the 
“curve marked ‘‘?”” represents an hypothetical pressure distribution that may 


a occur in the field if the relative dredged level in the yeaegers is higher _ 4 a 
great effect that the nature of a a boundary may. have on n pressure dis 
tribution, on its relation to the stiffness of the soil, and on its relation to the S 
intensity of vertical pressures acting on it is illustrated in Fig. 24. Fig 24(a) 4 aig 
shows the increment of bending strains recorded right after the application 


of a surcharge of 125 lb per sq ft toa a clay r backfill « consolidated under its — =, 


weight. ‘The shears and lateral | pressures, ‘computed by the use of Eqs. 1 and 
2, as well as the measured increments of pore pressure are also shown. A — 4 a” 
-sandbank, sloping upward and away from the toe of the bulkhead, was in place 7 3 i 
during that test. a As: a result of the outward yield of the bulkhead caused by — oa 
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lateral pressure | against, the upper t ee fourths of its phlei, lateral pressures 


ean be noted from the curve of pressures in Fig. 24(a), but it 
= follows { from the ‘clearly reversed curvature of the directly measured bending 
strains. . Furthermore, the pore pressure cells did not register any increase of 
pressure in that lower backfill zone. The unconfined compressive strength of a 
that part of the clay backfill at that te: test stage should have been somewhat _ 


a Values of Unit Strain €, in Micro- Inches 


50 40 30 20 10 0 1020 3040 50 ~ 250 200° 150_100_ 50 100 _150 
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Shear Curve (V =~ 
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+120.12 Ft. 


(a) OCTOBER 21, 194 (b) OCTOBER 23, 


(a) 2 Ft of Water 

&) Surcharge, 6 Ft Water 


iar 7 As the surcharge was increased to 375 lb per sq ft, or to a approximately 
7 $ twice the value of the unconfined compressive strength of the clay backfill, a sg 
g positive increment of | lateral pressure and of pore pressure was registered in ce ee 

lower zone of the backfill (see Fig. 24(b)). Nevertheless these | 


increments decreased along the depth of the bulkhead. 


4 


periments by Ek- Khoo Tan, Jun. ASCE, showed how the slip plane ae oe 


bs" affected by | the boundary location 1 and how it could. develop only at some dis- 


| — 

— 
it 
he 


arching i in a direction, w unless backfilling i is advanced more or 
‘The use of a , sand dike offers practical method of decreasing fluid ial 

= pressures of unconsolidated backfills with high clay content. Ii addition, if — 
increase of the supporting power of such backfills i is desired, an 


al 


cannot yet be evaluated i in ti the laboratory. For that reason it 
ears advisable to determine lateral y pressures for use in bulkhead design from 


es charts ¢ of the type illustrated by Figs. 19, 23, and 25, based on actual 


_ ‘Measurements on models and in the field. Laboratory tests would still be 


= ‘but would be used mainly for soil classification 1 and identification 
Purposes. Two types of K-coefficients would have to be used. 


K-values v would be used for granular backfills, since these coefficients 

are related to the weight of the solids only (see Fig. 25). _ ‘The K,. a40~( -coefficients — 7 
are related to the combined weights of solids and water under conditions of B 
omplete ‘saturation, and are suggested for <a in connection with cohesive and } 


two coeficients can be 
lated to each other er by the eformula: 


weight of soil and water. 
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anchored sheet pile bulkheads. The curve obtained from the 
- series of Princeton bulkhead tests with submerged backfill (curve (2), Fig. 25(a)), 
- eompared to conventional assumptions, showed a similar but less pronounced 
= _ trend than did the curve obtained from strut measurements performed in 
Pak New York o on the Sixth Avenue Subway (curve (1), Fig. 25(a)).? 8 The soil 
han was wet, but free draining, sand. ig 
In 1941, Professor. Terzaghi? suggested a method of determining 
pressures, which method was also used by! him and by Professor ‘Peck on 
Chicago. Subway.” It consisted of a pressure trapezoid based o K-values 


related to laboratory strength tests (curve (4), Fig. 25(b)). 


on K-values determined from actual measurement. It abandons the 
shape which, apparently, \ was recommended mainly for the purpose 


S1A. During strut No. placed after the excavation had 
Za reached the level of strut No. 2. Similar erratic variations cannot occur in the 
Pad case of an anchored bulkhead, and the writer’s suggested K-values or 7 
ee a - variation curves are triangular in the upper one half to two thirds of the height: 2 | 


the bulkhead, with a parabolic ¢ decrease thereafter. 
25(b) gives a K s4u-chart proposed for: use with plastic cohesive and 
soils—that is, with clays and with mixtures of sand and clay. 4 
The term ‘ “plastic” refers to. soils that require approximately 20% strain 
‘ote to fail when subjected to an unconfined | compressive strength test. ™ . 
curve of the K-values or pressure variation | measured | on the e Chicago Subway - a q 
and computed by the writer from strut loads given by Professor Peck® for cut. 
No. S14 (curve (5), Fig. 25(6)) has a shape similar to the one determined from 
he Princeton model tests with consolidated fluid backfills, except fo for a more 
ot effect of the lower boundary, in accordance with the faethe oer 
structure of the natural deposit of Chicago clay. ~The pressures are also” 
correspondingly smaller. The corresponding | “design trapezoid” recommended 
for use on the Chicago Subway ¢ cuts by Professor Peck®* is shown as curve (4), 
Fig. 25(0). Its application to anchored bulkhead problems would: produce 
too anchor values, as to. the ‘method 
Thev values on 


thes based on first series of tests only. They are conserva- 


28 “‘Cofferdams,” by Lazarus White and Edmund Astley Prentis, Columbia Univ. Press, New York, 
"General Wedge Theory of Earth Pressure,”” by Karl Terzaghi, Transactions, ASCE, Vol. 106, 
80 *Barth-Pressure Measurements in Open Cuts, Chicago (Il. ) Subway,”’ by Raiph B. Peck, in “Earth 4 
Proure and Shearing Resistance of Plastic Clay: A Symposium,” ibid., Vol. 108, 1943, p. 1032. 
**General Wedge Theory of Earth Pressure,"’ by Karl Terzaghi, ibid., Vol. 106, 1941, p. 77. 
‘#2 *Barth-Pressure Measurements in Open Cuts, Chicago (il. ) Subway, ” by Ralph B. Peck, in ‘‘Earth 
ond Plastic A Symposium,” ibid., Vol. 108, 1943, p. 1027, 3. 
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"BULKHEADS 
ve and are subject — revision, especially i inthe lower backfill med as farther 


est and observation data become available. 


COMPLETION OF First ‘SERIES OF TEsTs 


guch motion on lateral pressures. study of this variable would not 
have been possible \ with a model bulkhead actually embedded i ins soil. POI 
7. The results described in Part II clarified a number of important points, 


3 The model bulkhead was designed and was s operated to have full model 
x. with prototypes in respect to its flexibility. . The similarity of be- 
havior of noncohesive soils in models and in prototypes i is generally known. $29 an 
hae However, as explained in Part II, there remained some questions concerning ~ 

i the validity of the re results in lower backfill zones. Specifically, 


these questions were re related to: 
(1) The effect on backfill pressures pressures ‘ila on bulkhead and on anchor stresses 
ott the rigidity of soils underlying the dredged level; j 
aa (2) The values of lateral pr ressures of cohesive soils comet: under prototype : hee 


(3) The performance of soils other than the types tested; a and L : 
(4) The effect of wall rigidity, as com mpared to the “spring action” of de- 

flected bulkheads, on the lateral pressures of consolidating clay backfills. oo oe, 

additional se series of tests were initiated for the of clarifying 

- 


zt apparatus is illustrated mubeegeenty in Fig. 29 and is described in the 


> 


tests: was It is described in the third peper of the Symposium. ~ 


Wee First Resutts or Seconp Series or TEsts 


‘Several tests have been with the “Tateral pressure meter” 


0. 


a the > apparatus the owe ratio of lateral to vertical pressure was found to "4 oe 
approximately K = 1 00. After ‘completed consolidation this value decreased 
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ton per sq ft, 0.50 ton per sq ft, and 1.00 ton per sq ft. These vertical 
aapressures corres ond to the buoyed weight of approximately 8 ft, 17 ft, and 33. 
vas used ata consistency of approxi- 


‘to approximately K, = 0.50 for all three previously mentioned 
intensities. According to Eq. 8 the value for a nonbuoyed | but 
saturated soil should be 0.75. During the first series of bulk- 


3, 
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Top of Bulkhead El 129'3"' 


~ El 12812!" 
124111" 


121'0}" Bottom 


~ head tests this value was found to lie between 0. 70 0. 80. ‘The similarity 
between model and prototype can therefore be considered ‘proved in respect 
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Eee These tests were oe with almost perfectly rigid supports, the maxi- 
es ; mum yield | of which was approximately 0.003 in. (or 0.00025 of the sample > 
diameter). The elastic recovery of the supports after completed consolidation 


was approximately one third of the foregoing values. — 
fore, that question (4), Section A, Part III, can be answered i in the sense that 
the wall rigidity has little effect on the decrease of lateral pressure during | the 


Single Bending Strain é, ‘Micro Inches 
100 150 200 250 — 


Top of Sand 
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Clay Level El 124, 92 Ft 
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Deflection Computed fro n 


MEASURED BENDING 


200° 400 600 ~ 1000 1400 


= Alte completed | d consolidation a release | of the ring supports equal to 0. 3i in. 


against the upper rings any further. 
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t hese Tindings contirm the corresponding conclusions reported under Sec- 


the third sadn of the for combined oa has been | carefully calibrated and ope found 

z to work satisfactorily. rr. The e results of t the first test st performed | with it a are shown 


oe _ The model bulkheads were embedded to a depth of 46 in. in softly plastic 
‘red clay (Fig. 9) with a consistency of thirty-nine blows on the liquid limit 


device. This consistency corresponds to an unconfined c compressive strength ; 
of approximately 300 Ib per sq ft in the material. A depth of sand backfill 
aa H H = 393 in. was then placed up to the water level 5 in. below the anchor — 


55 


_Water | 


+ 


—-—--— Stage 45 (8- 28-47) 
Stage 5a (8-28-47) 
Stage 55 (9- 2-47) 
——--—— Stage 6 (9-2-47) 
¥ 


Stage 769447) | | | 
Stage 75 (9 8-47) |_ 
467-7 by 


, the variation 

ximum bending moment Mmax, and of the location of 
ax in terms of the ratio 2/H. _ All recorded variations are entirely logical 

and are in agreement with each other and with the testing sequence. It can 
“ be seen that the location of the ‘maximum bending moment i is just ¢ as important 4 


The variation for different test stages of the b bending moment distribution 4 


is mpm by Fig. 27(a); of the deflection distribution by Fig. 27(b); and of the 4 


28 The progress the — 


— 
| 
— 
Lops | | 
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August 21 Backfill on slope 
August 21 Backfill leveled off 


August 28 Same condition, 7 days later 
ip Anchors released 1 “a 


September Sand backfill compacted by vibration 


September 4 added to previous level 


to Pie location of the measured maximum bending moment and hence of sero 


shear. a a to that level was estimated from the two oye 
A(et+ Sin.) - dz) 2 Zo = Mn 


bending — at the depth 2/2 and by means of the procedure governed 


‘Test stages 4b 7b an therefore ap- 
pear [most suited for consideration as a basis for design recommendations. — 
Such recommendations can be . made in final form only after completion of the eae 
; ve entire test program. © At present, however, it can be stated that the knowledge of be 
three factors is sufficient for the design of an anchored bulkhead. These three co % 
are: The safe fe depth of embedment of of the bulkhead; 
— ) the anchor pull value; and (3) the value of the maximum bending moment. — a 
“= The first fa factor, as well as the possible v variations of the value 2, is the sub- aan 
of further studies within the third series of tests. a safe depth 
7. embedment 3 is selected for a given set of conditions, ‘the knowledge « of the depth oo 
earth pressure diagrams of the type shown by Figs. 19, 23, 25(a), 25(b), 
ne 28 permits the rapid determination of the anchor pull A and of the maximum > 
Be bending moment. Fig. 28 shows that for the test stages 4b and 7b. ‘the active 
K value does not exceed 0.22. This substantiates the earlier statement 
the tentative shown by Fig. are of a conservative 


nature, as was intended prior to the completion of the test 


As stated in the foreword by Admiral Smith the in 
pepe was sponsored by the Bureau. of Yards and Docks of the United States — 
Ses, under Rear- Admiral 2.4. Manning, M. ASCE, as chief of the Bureau, 


mental 
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t 
r voted considerable time and effort to the organization of this Symposium. 
Admiral Ben Moreell, Hon. M. ASCE, and Rear-Admirals L. B. Combs 
H. Smith, and Capt. E. H. Praeger, Members, ASCE, were instru 


ae 


took an active in the early stages: of 
Epstein and L. A. Palmer participated i in discussions of the test results. 
Sette At Princeton University it was Philip Kissam, M. . ASCE, who initiated the 
project. The writer, as engineer in charge of the indebted 
cs Elmer K. . Timby, M. ASCE, chairman of the Department of Civil Engineering, — 
Ve and to Kenneth H. Condit, dean of the School of Engineering, for their con- __ 
tinued ‘support. | Edwin L. Kimble » and Ek-Khoo Tan, as research associates, 
helped the writer, greatly through the early ‘and most difficult stages of its 
_ development. The latter, with Harris Epstein, should receive credit 1 suggest- 
- ing the sand dike between the bulkhead and the fluid clay y backfill. ¥ Students, 


under the supervision of Professor Timby, computations q q 


- deflections from measured bending moments. _ For providing the necessary 


os space, , which resulted in an appreciable reduction i in cost of the installation, the 


project is indebted to the Princeton Athletic Association. 


5 The entire design was made at Princeton; and the writer is particularly 
indebted to N. J. Sollenberger and David H. Crater, Assoc. ‘Members, ASCE, 


for help in this. connection. — A total of thirty-six design drawings were pre- 
pared | for official ‘N avy approval, 


in 


‘authors of the third paper of the Symposium, as well as J. D. ‘Welch, 


performed the tests which provided | the data reported in Part 
s mentioned in Part 4, Section were rented from the New 


eourtesy of Spencer Miller, ‘State Highway Other members 
of the department— 4 —Alex W. Muir, F. D.. Woodruff, M. A. Lansara, and C. H. 


materially helpful i in phase of the work, 


tive pore pressure walle witeh were os to measure the variation of neutral 
stresses within the backfill in which they were embedded. __ 
2 Over all, the writer is indebted to the friendly interest of Professor Tersaghi, 


acquainting the writer with the Potentialities of electric resistivity gages 
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PECIAL FEATURES ON LARGE- SCALE E. ARTH 


The. ‘the series of the Princeton tests outlined i Lin F Part I 
of Professor Tschebotarioff’s p paper “required the development of “new equip- 


ment, the special features of which are described in this paper. See ae: 

PART I. THE LATERAL EARTH PRESSURE METER 

‘The second series of the e Princeton tests is mainly concerned with the de- 


termination of lateral | pressures under vertical pressure intensities correspond- 


¢ 


Ped ing to values reached on the prototype. The comparative effects of immovable — 


> 


sure of different types of soils represent another important question | studied. vy 


¥ In an attempt to isolate and study some 2 of th these factors individually, it it: — 
_ decided to construct a device which has been called a “Jateral | pressure meter.”” 
device i is capable | of testing a cylinder of ‘soil ‘1 in and 1. 5 ft 


and of elastically and id plastically yielding supports on changes of lateral pres- 


a displacements at small throughout its 


Its shape (see Fig. 29) is that of a thick-walled cut in half 


mounted on ball so one is free to roll out from. the 
fs ‘solid half. _ The end of each ring is connected to the solid half by a dyna- 
monet (R) on which electric strain | gages (8) are ‘mounted, thus permitting — 
the | total lateral pressure on any ring to be determined. Outward motions of 


x 


pa! = Normal vertical pressure is applied to the top of the soil sample by air pres- i a 


sure at point E which acts through a thin rubber membrane ‘(B) that is free to ea pee 


ene adju st its shape to conform to the contour of the soil surface. This procedure <yee 
ee insures that no shearing forces can be transferred to the upper boundary of the ae 
surface when the vertical pressure is applied. Vertical settlement is mea- 
sured by a series of indicator rods (F), resting on the rubber membrane i 
contact with ‘the soil surface, which activate the mechanical dials, 


The entire device is by a watertight jacket (U), Fig. 2 


At the start eye a test the ‘soil il sample (A) may be consolidated for a given 


length of time at ar any desired pressure up to 3 tons per 8q q ft. During this 
Research Associate, Dept. of Civ. Eng., Princeton Univ., Princeton, N. J. 

be * Research Asst., Dept. of Civ. Eng., Princeton Univ., Princeton, N. J. 


ch Asst., Dept. of Univ., Princeton, N.J. 
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in pressure ‘different depths may be 
noted from the in the dynamometer readings. The twelve 1 movable 
rings may be in at three different wa ways, on how 


Elevation 
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24 ; j 


ws 
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tee together as a unit when the observer notes the 32 deformation of th the cali- 
brated springs holding its five movable rings in place. 


- Quite a number of variable testing procedures: are ‘afforded by the device 
damon in this paper, ¢ depending | on the soil used, extent of consolidation, 
i pressure, method of ‘supporting. the rings, anc and other factors, for _ ‘ 
provisions have ‘been made in such as ‘pore pressure 


age 
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us 
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— 
\ elas ermitted to remain as per-— 
a The laboratory of the oe 29 for measuring the lateral pressures an 
a devi mewhat similar to Fig. 29 for mea: igid plunger 
device, somewhat hine, however, uses a rigid p 
of coarsely graded mater 
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men nts and electroosmotic. phenomena. Initial preliminary calibrations were 
completed satisfactorily, using a wie bag filled with air under pressure in 


of soil. Results obtained from tests with actual re given in Section 


, Part III, of the second d Symposium paper. 


PART II. COMBINED ACTIVE PASSIVE” -EARTH 
PRESSURE 

General Layout.- —The third series of the Princeton tests was concerned 


a ie setup for combined active and passive | earth pressure tests was designed for P 
the purpose and i is illustrated by 30. Fig. 31, view taken from the ¢ 
sections. stage, hn bulkhead section which’ reaction, 
_ bending strain, and deflection measurements are taken) had not been ‘placed 
overhead steel structure and chain hoists permit the adjustment of the 
bulkhead ‘in vertical and. longitudinal positions for various test conditions. 
+ The vertical channels attached to the rigid horizontal frame shown in the 
+) _eenter of Fig. 31 are provided as a support for gages designed to measure the de- 
fjection of the center bulkhead. The direct meas-— 
urement of the deflection of the bulkhead is desired 
as a check on deflections computed from the bend- — 


by means of electric resistivity strain gages at 
~ tached to the center bulkhead and waterproofed. 


Underwater Measurements of == 
4 


ing strain ‘measurements, , the latter being obtained : 


Strains.—In. order to | test the model bulkhead for | 


- combined active and passive earth pressure, some 
4 - effective method had to be devised to waterproof 
electric resistivity strain g gages for use under 


water. The method, as originally* developed, 


in baking the gages on the plate mow 


pe 


Ww vas poured into the sen semicy slindtical een 
In Fig. 32, the model bulkhead (5 ft wide) i is held in an upright. position tn 


wooden frame. On. the right-hand side is an uncovered strip of several 


which have not been waterproofed. The strip on the left shows the 


_ ‘manner in which the lead wires were arranged to facilitate application of the 
e Koroseal. At the bottom the Koroseal strip is cemented over the gages. 


this space between the flexible rubber sealing strip and the ‘plate, hot 


_ %“*A Method of Effecting SR-4 Strain Gage Operation Under Water,” by Edwin L. ‘Kimble, odes 
for Experimental Stress Analysis, 1946, Ill, 2, pp. 58- 
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eae vaseline is poured in lifts sufficiently small so as not to burst the the bond betw ” - 
ma pe In the center there is a completed strip— —the Koroseal having bese. eiad: 
a copper strip merely for protection. Two strips are applied at one 
time—one on either side of the bulkhead. By proceeding in . this manner 
_ copper strips: can be bolted on immediately a after cementing the Koroseal strip 


= ot strip and permits pouring molten vaseline in lifts of greater depth. he 
arched section of the copper is slotted at 1.5-in. intervals to prevent its xa 
‘om The stability tests of gages waterproofed in this manner were begun in | 
November, 1945. The gages were cemented to an unstressed plate, 
proofed, and then submerged i in a tank of water. _ Direct and reverse readings — 


“f were taken throughout to eliminate : any error resulting from a “zero andl of 


The behavior of nine gag gage circuits throughout the period from Didi’ 


5, to December, 1946, is illustrated by ‘Fig. 33. The indicate 


F St variations from the initial readings of the gages. Over a period of 6 ‘months ¥ _— 

from ‘November, 1945, to May, 1946, only two of the gage Teadings varied 

more than approximately 20 micro- -inches from the initial readings. These 

two. circuits (Figs. 33(a)_ and 33(c)) showed general instability. Since 4 

an observers were able to obtain an accuracy of approximately 10 micro- -inches a 

during all previous tests with this instrument, after discarding approximately 

one third o of all gage  Teadings subsequent to recalibration » this variation is snot 4 
excessive. . However, beyond this 6-month period three more gage circuits — a 

showed variations considerably ‘greater than would be acceptable as reliable’ 

Teadings. Consequently, beyond the 6-month duration , readings cannot be 

Since the tests on the new bulkhead, designed for active and pa pres- 


im sure research, are planned to run over a maximum period of 2 or 3 months for 
each test, the stability of gages waterproofed i in this manner is is entirely satis- 
factory. It had been hoped that, with this method of waterproofing, strain 

| Bages ¢ could be > applied to full-scale structures i in order that st strain readings — 


_ be recorded over a period of j years. . However, further esearch i in waterproofing 
is necessary if this is to be accomplished. cng 


pee Three independent strips of gages have been placed on th the bulkhead | at 
~ intervals « of 2 in. over the lower 3 ft and at intervals of 3 in. over the upper 
Consequently, three independent gage readings are made at each eleva- 


tion on the bulkhead. a gage becomes unreliable, for any Treason, there are 


still two independent readings to average ge at the same elevation. 


With this number and arrangement of gages a bending-moment curve for — 


ng 


the stressed bulkhead is possible which occasionally is sufficiently accurate to 
determine, direct differentiation, a ‘pressure distribution on curve over the 


active and passive pressure areas. The estimation of lateral pressures is 


‘possible, however, in all ¢ "cases by the procedure outlined under Section C, 


— 
by 

; 

— 
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. Under rwater Deflection Measurements.—To 1 measure 2 deflections it 
first lend necessary to solve the problem of making ur underwater m measurements — 

_ with a desired accuracy of 0.001 in. and a range of 1} in. . _ After much investiga- “gf 
tion, it was decided that this could be by the | use of the linear 
- prs differential transformer shown in Fig. 34. 


prene 


coy flection gage as built, to meet the requirements of tl ‘the test. 
consists of a primary coil 1 in. long ‘wound on a bakelite spool approximately 
n. in diameter and carries a constant voltage. On the same spool 2 i 2 in. away 
a secondary coil, 3 in. long, i is wound. < The voltage. of this coil is determined by 


the position of a is relay steel c core (63 in, long by Ye in. in diameter) as it moves 


position of the core may be wii with a highly sensitive voltmeter. Then, 
using a previous calibration of the voltage readings against: the movement of 
the core, the extent of this movement can be determined at a any time by read- 


ing the change of. voltage. 

ee cad To ascertain its stability under water, a transformer gage, with its core. 
re 4 fixed in a definite position, was submerged i in water for about 3 months, no 
precautions being taken to waterproof it. Periodic readings of. the voltage 
z across the secondary coil were taken and were found to vary within about 3%, 
- ignoring errors from power line voltage fluctuations. — As an added precaution, 


a mega the construction of the > gages for 1 use on the bulkhead, the cols 


31. These ‘channels serve as fixed reference supports. The gages 
placed at three elevations below water level at points where deflection ee 
at are. desired, with two > gages : 20 i in. apart at each elevation to measure any twist- 4 7 
oe ing y of the bulkhead. The cor cores of these gages are attached to the center bulk- | oy. tm 


addition to the electrical ith was thought advisable to pro- 
vide s some method of a fe fairly accurate mechanical ‘Measurement of the same 
hen points both as a check and as a precaution for s some unforeseen failure of the 
te transformer gage. _ A wire, ( 0.01 in. in diameter, is attached to the end of the 
ue. f the deflection gage away from the bulkhead, passing under a pulley, up 
gh the water into the air, over a second pulley and down to, , and attached — 
to, the top of a mechanical dial gage graduated | to 0.001 i lin. The spindle of the — we . 
dial is weighted w with a 4-Ib weight to keep the wire taut. Any movement of sy 


the core of the gage is transferred to the mechanical dial gage_ where it canbe 


is 


ms. 
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easily. read. 2 his also the measurement of deflections in 
excess of the range provided for by the transformer gages. 
Instead of using a voltmeter calibrated against the movement of the core 
mer r gage to read deflections, it was thought to balance 


indicator (C) against each of 
to the ga gages (B) attached to 

the bulkhead, anda method 

TY) was} provided to read the de- d 


directly . By exer- 
{ 


Water Level — ~ 


a error of 0. 003 in. 
in the entire range of 1.5 in. 
= The manufacturer built 
these gages so that they all 
have the same electrical 
characteristics in order that 
a an equal movement of the } 
cores (D) in any of the 
ns gages gives the same volt- 
age change in any of the 
micrometer screw (E) 
attached to one of the 
gages: and was mounted on 
null balance indicator. 
a selector switch (F), 
RQ. this” gage ean be 
connected electrically in a 
circuit with any of the 
other ‘six gages which are 
attached to the bulkhead | 
at points where the 


tions are measured. 


a oe es The null balance indicator was sine’ in the circuit in such a way that, it 


5; there i is any movement of the core of wag gage at the bulkhead, the gr ae 7 


= | 


— 4 
— 
— 
— n reads zero. Is t 
es il the indicator ag d after moving d so .." 
or out unt w before and after m s designe 
m he microm The ci ll within 
— the readings core of the bul il from 95 v to 


‘we ‘a second selector switch (G), Fig. 36, was placed in thu 
— all the gages to be heated while recordings are being made. — With 
this transformer gage, a 0.0001-in. movement of the core e of the bulkhead walt 


can easily be detected, with ae of 0.001 in. 


re ‘Because it was desirable to have some ane of checking the instrument, — 
a second micrometer screw (H) was provided that can be attached i in turn to — 
any - of the bulkhead ga gages. . The core of the bulkhead gs gage can n thus be moved — e 
in or out any desired ed distance, ai and the instrument can then | be | balanced with | 
the instrument micrometer screw. . ‘The ‘movement of the instrument screw is fe 


ment of the « core of the bulkhead gage, ana adjustment can be made with a a on . 


tentiometer shunted across the primary ¢ coil of the bulkhead gage. ; 

tests with these gages proved satisfactory. However, 
the first bulkhead tests, displacements were found to exceed the range of the 
gages (see Figs. 26, 27, and 28) so that the mechanical deflection 1 measuring ~ 
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Th 

quite old and antedates the science of soil mechanics. wigdeet in prehistoric” 
; 7 times—when no great distinction was made between clays and sand, when oa 
clays: were ‘considered ideal foundation materials, , before any ‘such | thing. as 

pore pres sure had | been discovered to plague the conscience of of economically 
minded designers, when the subway walls of all the subway systems i in New 


= N. Y., and Philadelphia, Pa., were designed for a flat K-value of 1 /3— > 


Navy Department had been grappling with the problem of the excessive cost — 
a quay walls and how to reduce them. — _ The main cost of quay wall construc- . 

Bes tion is invested in two items—(1) the cost of the sheet piling, and (2) the cost 

of the backfill. — To be significant, any saving must be effected i in the cost of 


os two items. ' ‘The better the backfill ‘material, the shorter will be the 


ee and the lighter the weight, of } choot piles required for a given dredged 
depth, and the less will be the cost. 
isa Good filling material, such as sand and other noncohesive soil, is — always 
available at the site where it can be ‘pumped i in hydraulically at a relatively 
Fy age small cost. When good filling material must be brought in from a distance — 
ima - and handled by barges, its cost is greatly increased and, if the q quantity of the a 
ee mS backfill so handled is large, its increase in cost will more than offset any saving — 
i that might be effected in the sheet piling. The same applies to the case in 
which the original ground underlying the quay wall site is considerably above 
<3 _ the required dredged depth. When the original material into which the sheet 


Sa piles are driven is more or lees s of a soft, cohesive, unconsolidated nature, the 


ae 


= 


q 


oe _ active pressure on the wa!l becomes quite large especially under the surcharge 4 


of heavy live loads. At the same time the resisting | passive pressure below the 
dredged bottom i is greatly reduced—resulting i in greatly increased length a and 
= aS weight of the sheet piling with considerably increased cost of the quay wall. 


Ror _ fact, where the | dredged depth i is greater than 25 ft, the moment caused by 
- pressures of unconsolidated backfill is increased to | such a 1 magnitude as to 
_ preclude the use of commercially rolled steel pile sections. A conventional 
- installation, ‘utilizing the actual materials found in place, is shown i in Fig. 37. 
= - Again, the evident remedy i is to dredge off the soft material and substitute a 
Daw : good granular fill. In this case, however, the cost of filling must also include _ 
; ae the. cost of dredging and disposing of the original soft material, and this y must 
be balanced against | the saving effected in the steel sheet piling. e 
The unit cost and the quantity of the required borrowed backfill : are the 


o factors that determine whether the use of this borrowed fill construction | 
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is It. is not. 
made of imported granular ms material; good | material may be 
form a sand dike behind the e wall, and the remainder of the backfill may be 
pumped i in hydraulically from the local inferior material. es 


lane ‘Silt and Mud, Increasing _ 
trom Semi- Fluid to Very Stiff) 


Conernvorion Mernops ve 


The Bureau of ant Docks of the 


of quay wall construction in a number of instances. Representative Ag 


the quay walls at Key West and Jacksonville, Fla. Key West, aquay 
of steel sheet piling (MZ32) w was 3 designed for a 22-ft dredged depth 
an hydraulically pumped fill behind a light coral tock dike. Jackson- 
ville, the use of ‘a relieving platform m and a dike of o: oyster shells wae it ‘possible 
Zz a steel sheet pile wall (MZ38)_ to resist 48.0 ft of hydraulically pumped fill 
of local fine sand. In these cases the relief in lateral pressures i is attributed 
to the high angle of Tepose and the light weight of the dike materials, — Stee ia ae ; 
> In adopting this construction procedure the | reasoning was based mainly 
on common sense analogy with earth dams, where an earth fill is depended on ps 
to keep back the full water pressure. In the case of a quay wall, the pressure Re 
on the wall is considerably less than that on a dam of comparable height, re 
since the water pressure acts on both sides of the wall and, therefore, i is equal- ae 
“ised. . The: natural slope of the downstream side of the earth dam is replaced 
in the quay wall construction by the sheet pile wall. | The. width of the top a 13 
berm i in earth dams is determined primarily by requirements s of j imperviousness 
‘¥ to ) water Seepage an and practical construction considerations with respect to the a 4 


ret 


“use of land equipment, in addition to the resistance requirements for the full are 
horizontal water pressure. The necessity of a top berm and its size for sand | eae 

dikes in the construction of quay walls cannot be determined by analogy with = 4 

earth: dams since, in this case, there is no need for i imperviousness. Thereis 
also ‘no need for construction 1 roads, when floating equipment is used, and Er ang 
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a small top berm has been by the B for all dikes i in the construction 
The use of this construction ‘method did not extend to hydraulic 
‘a a clay fills; it did not establish the minimum dimensions of the dike required to _ 
Pike be fully effective in reducing the horizontal pressure of the hydraulically — 2 
Be ~ placed fluid fill ; nor did the installations lead to any clues by which to judge a 
er ok how, and i in what manner, these reductions i in the fluid pressure are effected. 2 
Reduction i in can be conceived as resulting from the three follow- | 


a 1. The strength c or shearing resistance of the sand dike; 
b. The continuous drainage course afforded by the sand dike; or 
~The increased friction of the sand against the sheet. piles a as to 


it was important to by test: 


ssl 1. The minimum dimensions of the sand dike to make it fully effec- 
ss tive against an hydraulic clay fill (the sand dike may be of 
rectangular, triangular, or trapezoidal shape); and 


ng 2. The » variation of the effectiveness of the dike, with its size 


wt 
wa 


the reduction i in the fluid p | pressure is accomplished. 


“cane pressure against the wall i is the same as would have | teint had the 
entire fill behind the wall been made of the dike material. _ These were ‘the 


n Professor Tschebotarioff’ paper. states that 


on the natural sand slope (1:1.73) or when a uniform vertical sand blanket of — 


a thickness equal to height a seat wall i is interposed between the sheet pile 
The sloping | dike was provided \ with a ft berm | on the top. ¥ In practice 


ae the sloping dike fill is the one to placed more econom- 
3, ically : and also since the quantity of the backfill is less than the quantity 


: Ber Sores in the vertical blanket as long as as the berm width i is less than 0. 185 
~ times the height of t the wall. design and | pro- 


Another conclusion from the tests as given by Professor Tschebotarioff is is. 
t; er ‘that, if a vertical sand blanket of a thickness e equal to one half of the bulkhead — 
height is. used, its effectiveness i in decreasing the fluid clay pressure 
ee wall i is | reduced by or one half and the effectiveness | of the sand blanket i is =: 


whieh the of the dike v: varies the nature of the dike materi 


—for instance, when giavel is used in the not determined. 


“two original a of the Princeton tests. The conclusions reached , based : 


_ dimensions, which would: also furnish an indication as to how 
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‘expected that the future tests will supply the ‘missing data. 
j ae There are sufficient data, however, to indicate that the drainage has very 
little on the fluid pressure against the wall. ‘The 
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t@ and © - — Hydraulic Fill with Pore Pressure 
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in 


rainage effect i is s evidently the same whether the thickness is 0. Lc or 0.5 of iain 
wall height H; and yet a thickness « of 0.1 H was entirely ineffective i in reducing — ee 
the fluid pressure of the clay fill. . Although there can ben no > doubt that ae a 
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factor n must be operative, its effect is too slow | to 


SS felt under the driving force of the material’s own weight. Loe 
The a action of the course under a surcharge loading i is not 


formed to date (October, 1967) to this It is strongly 
+4 suspected that a definite width of berm at the top of the sand dike will be 
‘required i in this case for full effectiveness. — This is one of the wees = 
_ which a n will be sought in the continuing tests. 


Sand Dyke 


G 39. —InrivENce oF WALL FRICTION | ON Sa 


The factor of wall fristion,: on the other hand, play a more significant 
‘ role i in making the dike an effective barrier. — The beneficial effect of wall fric- 
tion is based on the transfer of a portion of the weight of the sliding wedge to 
the sheet piling, thereby reducing the weight ‘that. causes sliding along the ~ 
rupture plane. Undoubtedly the interposition of a sand blanket of 
0.1 induces a at the wall, and this was actually 
ans confirmed by the tests. _ The reason that no reduction in the pressure applied 
sii the wall was recorded i in this case is that a sand thickness of 0.1 H is evi- 
dently not sufficient to > render the wall friction effective. 
sand backfill, both ie a level bank and a triangular ig. 39, n 


si ro the tangent of the angle of wall friction; , » denotes the tangent of the oe 


ley. of internal friction of the backfill material 0. 577 for sand); 7; denotes the wait 

fre weight of sand; +P, denotes the maximum _ horizontal pressure per linear foot — 

at any A, value n than zero; P, denotes the 
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corresponding the horizontal pressure. for 1 n =0;Q 


q P, _ The capacity of any vertical se peti on of the sliding wedge to 


23 transmit a portion of the e weight of the wedge | to the next adjoining section is 
“measured by the shearing resistance of the section, namely Pas Int no case 
= will it be possible to mobilize an effective friction force, between 1 the sand and ~ 
the sheet piling, of magnitude greater than the shearing resistance of the backfill 
2 ‘material adjacent to the wall. Since the available shearing resistance along 
q « a vertical section at the boundary between the sand dike and the fluid clay is — 
zero, it follows that the reduction in the force that causes sliding can be m 
_ effective only for that portion of the wedge lying between the wall and the 
Fe sand boundary—that i is, for the portion n of the wedge « ‘composed of sand. co 
ae . _ Thus the maximum possible weight \ which can be transferred to the piling a 
me | by wall friction is realized for the case where the entire re sliding wedge i is com-— 
posed o of sand—that is is, for a vertical sand dike of ofa a thickness equal to the width 
a the sliding wedge, or 0.577 H. However, e even with this width of a 
the maximum possible reduction i in the active pressure against the wall is are : 

p _ paratively small as can be seen from Fig. 39. The values of S for Q = 0. Ps - 
(that is, when the wall friction is equal the internal friction of the 
_ are 0.77 for level bank and 0.73 for a a triangular dike, thus indicating values of 
bee: 23% and 27%, respectively, for the maximum reduction in horizontal nin la 


CoNcEPTION oF OF 


‘STRENGTH OF THE TRIANGULAR 


‘wenn the wall by the 
sand dike itself. he intensity of pres- 


ab = Kiyih 


which is the buoyed weight of sand 
the triangular sand dike. 
Fig. 40, is the pressure against 
WwW wall after the —_ fill i is s pumped ir in behind the ‘sand, ike, The i 


now, 


De = ac 


is the active p essure coefficient for a incre 


W 
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Line . 


pressure at the same depth h of 
= 73 


uoyed weight of Poe the later ‘al pressure being the same 
pressure. The difference between the pressure intensity against 


ae _ ‘Thus, passing through the dike, the intensity of pressure dropped by the 
amount ed, Fig. 40, because of the resistance of the dike, similar to a loss in 
potential across an electrical resistance, or ‘reduction i in head in a water pipe | 

capacity y of the dike may be better studied if, instead 

of intensities, total pressures are considered. The total active pressure, Pa, 

a soil material with any positive « or r negative angle. of ommand + 6, and 


angle of internal friction, ¢,is 
= 0.5 Ke ye h?. 


re coeficient 
Oa 


is the of the angle 


The solution of 13 values of = tan. is presente in 
and the solution of ‘Eq. 16 is presented i in ‘Fig. 42, 
=-10 
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— intensity against the dike is = 
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resistance of the sand dike has been 13 and 15 5 
ordinarily used in design as a standard procedure by the “profession at large. 


The oem strength of the sand dike is increased after the placing of the liquid — P 


~Plane of Rupture 


— Positive Surcharge Angle 8 


17 19 2.1 23 25 3.1 33 35 41 43 


Negative 
Surcharge Angle 


~ |Surcharge Angle 


ie: 


iy the normal pressure on the s dike by 
the buoyed weight of the > clay fill; but the gain is = 


additional lateral pressure exerted by the liquid clay. 


ay 


> 


— 
07 09 1.1 13 
17 19 21 23 25 27 29 31 33 35 37 39 
the Of une rapezolaal prism ABCD, shownin Fig.43, 
he an assumed rupture plane BC making an angle the horizontal. . 


The weight of the upper triangle ABC “ the sand dike is 


in which a, denotes the tangent of he weight of triangle ACD of 

clay fill on the rupture plancis * 

The force of the clay fill on on n side CD of triangle. ACD i 
al 


tendency of the prism to move fe down the > plane 


fa Resistance to movement is offered the friction the surface BC 
aay 

by. the wall’s horizontal reaction, w hich is equal in “magnitude to the | active 
— 


| 


a 

The formulas are based on the assumption that the full shearing. of 

the sand dike has been mobilized in each case. The: active p pressure (Paz-curve) 


} ag of the \ wall, at any depth / his plotted i in Fig. 44 for various slopes of the ‘Tupture 


Be. ai ad plane : and for values of "1 and: ¥2 of 60 lb per ‘cu ft and 56 lb per cu ft, respec- 
¥ tively. According to the conclusion obtained the tests, the pressure 


& _ should be the same as for a level sandbank, which, by Eq. 12, with K, = 0. 333 
Fig. 41 tan = 60 lb per cu ft is Pa = 05 Ka yeh? = 

: The pressure is ‘represented by y the 


Pe in Fig. 44, whieh i is an arc 


strength in iad no 


required i in the sand dike. How- 
ever, in the region from X = 41 


Fic. 43.—Forces AcTING ON A, TRIANGULAR DIKE 68", the curve falls outside 


eos metre Gonel shearing resistance must be provided i in the sand dike in order that the : 
against the wall should not exceed P. = 10h? vere 


Bas This strength may be provided i in| the form ofa heckienned berm at the top 
ee of the sand dike. The inset diagram i in Fig. 45 shows such a dike having a 
berm of width +H, numerical factor less than 1.0. The weight 
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_ quadrilateral ABCD of the sand dike above the rupture pla 
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Of Pas (Lb per Linear FtofWall) 
AcTIVE PRESSURES FOR TRIANGULAR DIKES 


and by the horizontal — 


are the horizontal pressures due 4 


P= 


= 


ne BC is Pas 
7 
— 
\\ 
ye 
is reaction P.z of the wall which i 
reaction Paz of the wall which is i 
to 
ad 


‘The a putes pressures (Pas-curve) at the total depth H is plotted in Fig. 45 f or 
various slopes of the rupture plane al and for three different values of t= 0. 


= 0. 2, and 0.4 and for values 0 of "= = 60 Ib per eu ft and = 56 Ib 
pe cu ft. ~The: curve P, = 10 H? corresponding to the total pressure of a level 


bank is also plotted i in Fig. 45. An analysis of these curves shows that the : 


only P.:-curve that falls entirely with the P.-curve is the | curve for t= = 0. 4— 
- indicating that a sand dike to be bud effective must have a a berm on top equal 


ens = 0.4 of the height of the wall. bee The berm provided in the test is considerably — 
smaller. The discrepancy may be explained by the probable error in measure. 


; readings, estimated to be approximately 5% Errors of — 


( 
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Sar 
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1H? 2H® 3H? 4H? 5H? 6H? 7H? 8H? 9H? ‘10H? 11H? 


tae 
Values of Pee | (Lb per Linear Ft of Wall) 


Fie. 45.—Active PRESSURES FoR TRAPEZOIDAL Dikes ay 
‘sufficiently to for the Thus the total 
: pressure for the dike with berm width t=02 is 10.5 HH, whereas that for a 


level sandbank is 10.0 5% difference. . Another possible explanation 


that the fluid clay i in the lower ‘Tegions may consolidated partly and di did 


scope of the objectives was extended to ‘include studies of such problems as as 
—. determination of the K-value for liquid clay, the presence of arching in 
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January, 1958 

although the presence of arching in granular never 

_ The arching problem was added to the objectives of ‘this study, f for the purpose — ae 
of determining whether arching is also effective in cohesive material. ‘The 
findings of Professor Tschebotarioff relative to this question, therefore, were in ae 


the nature of a big surprise. _ According to these findings, there is no arching ie 
even in granular material when the backfill is built up against the wall in steps. — na 
: om after a little thought, the absence of arching in this case seems to -? 
be seanantiihes 4 since the layers of sand during deposit are not restrained on the 7 
surface at each filling | stage and the condition is somewhat similar to the 
ri cantilever - wall where no arching i is possible. — _ Equally reasonable is the ¢ con- 


clusion the vertical arching, where present, is of an unstable character, 
resulting from ‘the effect of This is the main 


designs of flexible « quay y walls. 


DESIGN CoNSIDERATIONS AND RECOMMENDATIONS 


‘The ‘fact that the stability of a bulkhead depends on two 


materiel and the ‘structural an 


extent, of insufficient penetration of piles ‘at the bottom. “Thus, the failures’ 


* of bulkheads are largely the fault of the soil and not the structural abun. 
in other words, sheet piles do n not fail in bending and tie rods do not fail in 
tension. : The reason for this can be mainly ascribed to the fact that the struc- Ms 
-_ tural members are designed for a much higher factor of safety than that usually 
allowed for the soil. In any design, if the for the angle of 


tan | 
45° + + 2c ‘tan | 45° + 7b) 


followed purposely to provide factor. of enbitey the soil. 


factor of safety may be only imaginary, however, and cannot be depended on. es 


In the first place, friction and cohesion may not act simultaneously, the re- ae ‘4 
a. sistance of the two being somewhat similar to the resistance offered by a joint in 
“partly welded and partly riveted. frictional resistance of the soil is 


| 
| 
| 
4 
_ It is a known fact that there are no quay wall 
failures on record that can be attributed to failures of sheet piles; most o ———— 
e attributed to failures of sheet piles; most of those 
— 
| ig 4 
— 
>t 
— 
entirely lacking in the bulkhead i 
‘Tt has “ay head in so far as the soil resistance is concerned. 
(ee customary to neglect the cohesion factor for all soils havingans (ss Jao 
ater than about 17° in computing both the active 
tal a 
ra — 
the 
| 
= 
— 
g in 


= almost at once whereas the mobilization of the cohesive resistance 
“requires appreciable movement, and it is doubtful whether: the deflection of 
= bulkhead allows enough movement in the soil to mobilize the full cohesion. " 
‘The omission of any beneficial effect from arching, even i in cases where — 
_ exists and could be depended on, affords a greater factor of safety for sheet 4a 
piles; but it does not help the soil situation. _ The only reliable factor of safety 
“yet 3 in conventional designs i is the omission of the beneficial effect of wall 
_frietion i in computing the active and passive pressures. _ Howeve r, the ‘tan 
tude of the factor of safety afforded by this omission is not evtaidecable.- nn 
‘Fig. 39 shows the variation of the active pressure with the angle of w “a 
4 ae for a ‘sand fill for either a level bank or a dike. As noted from the 
— the maximum possible reduction in the active pressure, when the ¢ angle 
~ of the wall friction is equal to the angle of internal friction, i is only about 
33% for a level bank, which is equivalent { to a factor of safety of 1 3. | The 
omission of the wall friction for the passive pressure will probably. raise the 
- factor of safety to about 1.75. W hen computing the resistance of the wall to — 
Swedish slide, most designers consider themselves lucky when they obtain 
a factor of safety of 1.50. - Moreover, the factor of safety of steel is based on 
elastic limit which ordinarily means a factor of safety yd about 4, on 
a value of 2 0. The ‘disparity the factors of of ‘the two 
materials ' will not be affected by any increase in 1 the active, or reduction in the 
Sits passive, pressures, since the sizes of the structural members will be ir increased 
oars by this procedure in the same proportion . Since the s strength « of a chain is 
“aa determined by its weakest link, there is evidently an undue waste of ‘money 7 


- _ and material resulting from the use of present design methods. A recommenda- ] 


fc 


ey mately the elastic limit of the material would seem to be in order. As to the 
es factor of safety of the soil, it would seem logical to adopt the follow ing pro- 
a cedure: For the » active pressure, (a) use the full values for the angle of internal 


- frietion, cohesion, and wall friction as found from tests, (b) apply a a factor of | 


tion: to increase the allowable unit stress in the structural parts to approxi- 


ES safety of 1.5 to the theoretical values of the passive pressures in determining : 


be the size and dimensions of the upper anchor reactions, and (c) omit the effect 
of wall friction in in figuring passive 


ms derive more or less rational formulas from model tests, the model 


- must include all the variables that may have an influence on the problem to be 
solved. _ Then, and only then, can a rational interpretation of the model 
results be made and a proper application to the pro prototype be assured. 
problem of pressure | distribution on flexible walls involves the interaction of two 
a different materials—the soil and the sheet piles. _ It should be studied, there- 
_ fore, not only from the points of view of the e elasticity : and the plasticity of the 
— | but also from the points of view of the elasticity ‘and the stiffness of the — 
Ba sheet piling. _ Th he magnitude and the distribution of pressures on the bulk- 
re head must be such that the corresponding deformations of the soil, obeying its 


elastic and laws, must coincide with elastic curve 


. 


ae 
t 
— 
d 
Ol 
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pressures in oiles to the la laws governing ‘the 
their modulus of elasticity, and their stiffness— —that is, , the magnitude ; and the 
distribution of pressures is a by the bo undary condition between the ae 


soil and the sheet piles. 
The problem is similar” to a foundation on an elastic median. The 
i rts law of pressure distribution is not applicable when the load i 
. transferred to the soil through foreign mediums such as concrete slabs and = 
& _ beams until est contact pressure distribution betwee een slab and soil has been — 
determined. In such cases, ‘the moment of inertia and the modulus of elas- 
ticity of the transferring medium, as well as the modulus of the soil reaction, 
determine the di tzibution of the soil pressures. The variation in the wall 
dete e the dis 8 press 
: a stiffness may not be as important in the determination of the total pressure 
ee on} the wall; it is ; of great importance, howe ever, in the determination of pressure ad 
‘distribution, which seems to baffle all experimenters. It\ would seem that, in 
the future, model tests should include the wall stiffness variable in the hope ae 
- that the results may lead to a rational pressure distribution formula. — ‘It is 
_ felt that the tests reported in this Symposium have advanced the knowledge 
_ of the behavior of flexible bulkheads considerably, but much remains to ) be 


learned. It i is hoped that the of this and the new 


& and patient but the task is we 
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The principles o' of soil mechanics are demonstrated by two examples i in this 


paper. One e concerns pile fo foundations i in plastic clay, and. the ¢ other concerns 


nsive mass of 82 sand d deposited as a foundation material — : 


f two rows” of cells of interlocking sheet piling. 
homogeneous clay de epos osit, 90 ft or more deep, ‘d 


is described. The density and moisture — 
ed as to depth. Consolidation and — 


are shown. expression are derived, one for the case of 
- capillary saturation and the other for the case of complete submergence, which | 
= 


show that the in- -place consolidating pressure of fully consolidated soil (homo- 


geneous as to type and without structural load) is an exponential function — 


A critical density of the sand used both to fill and to support the steel 


ae 


cells of the cellular piers is described. The purpose of this study was to indicate 
he possible decrease in nenty of the sand mass that occurs as the result of 


be 

i 


2% 


aaa front in the field of thenealial and applied soil mechanics. Prior to this 
cor a splendid groundwork had already been laid by Professor Terzaghi and 
= his associates and the many r researches that later followed this p pioneering made J 
wealth of valuable -Inaterial available for utilization i in the large wartime 


>?” 


this time the Bureau of Yards and Docks, like the Corps of Engi- 
~ neers of the United States Army, was early confronted with the job of convert- 4 
if i ing poor | foundation soils into good soils, a procedure known as “soil control.” a 3 
Ga This procedure, once frequently referred to as “soil stabilization” in highway 3 
construction, had its place in the subgrade preparation for paving ‘Naval and 
_ Marine Corps air stations, in the stiffening and consolidation of mud deposits — 


ty by vertical sand drains, in the compaction of sand by vibroflotation, and in the ~ 


igs 


of sand dikes for mud as backfill material. 
eis This paper is concerned with a few of the physical properties of two very a 


— 
— 
— 4 
for a cellular pier, comprised 
Arrather unusual condition in an 
apparently sedimentary orig q 
= 
f 
sand Docks, U. 5. Navy D 


ry. 


ary, 
projects: 


iy 


connection with the ‘of two ‘rigid frame for” 
cg Houma, Ia., the foundation soil exploration included deep borings, soil sampling — 
= 7 and testing, plate loading tests in 1 open pits from 7 ft to 9 ft deep, and static load ~ 
oe tests on timber piles. The Ic low bearing values obtained | by plate loading t tests — 


precluded any notion « of carrying the A-frame loads on spread footings. a 


toa total depth of 90 ft 0 or more, the soil was ‘composed of a mixture | of silt and wh 
day. At least 90% of all samples could be washed through the No. 270 sieve. ~ 

clay fraction contained 20% or more of colloids. The shapes of the con-— 
7 en. curves indicated no definite relationship between the depth of « over- 


lay soil in 1 place. The bulk densities of samples from one of the borings, — : i 


taken at depth intervals of 10 ft, did not vary more than 2 lb per eu ft. T 


= cohesion of the clay obtained by unconfined compression tests was some- Eee ze 


what variable, ranging from 450 | lb per sq ft to 750 lb per sq ft, independently a 
7 of the depth. The ‘computed unit skin friction of the test piles varied from i 
; "500 Ib per sq ft to 750 lb per sq ft, on the average being somewhat more than aes a 
— 1.—OBSERVATIONS on TEsT Pires at Hancar A, 


No. IV) 


ie 


e 


| 
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254. 5 0.011 


a Determined by computing g the ar average 9 of the blows i in the last 3 ft den penetration. » The values of skin a 
__ friction (pounds per square foot) in Col. 11 are as computed, for piles of constant diameters equal to the as 
butt diameters, for the entire lengths. The average of these values is about the same as the average unit 
cohesion of the ‘clay. By -_ method, average skin friction is equal to 518 Ib per sq ft, whereas the average os 
_ cohesion is equal to 535 Ib sq ft. ¢ Except as indicated for pile Nos. 1-80 and 5-80, each pile was driven oe 3 
_ to failure. For the piles t at Tailed, the computed average e friction was 701 lb per sq ft (see Col. 10). Bey ie “8 
_ The sebound of pile No. 6-80 could not be determined. e load was removed afterloading to 60 tons. ge #£=&f 


Spt ‘the average unit cohesion of the clay. If i it is assumed that the clay sheared to 


5 Z form, with the | pile, a cylinder of diameter equal to that of the pile butt, then eg 4 
the average is about the same as the average unit 


— 
— 
= 
d 
of 
| @ | | | 3750 | 0.039 06.45 | 714 — 
20 | 1 it 61° | 186.0 ‘O11 0.035 60.0 721 = 
and 20 | 10. 8 | 236.0 | 0.0 0.018 | 535 | 
its 
the 


Table 1 contains he load test at site an one of the two h 
Fig. . 46 shows plotted triaxial test data, No ‘significan 


ve 25, ternal friction o was evident from shear tests made by either the direct method 


and without loss of moisture during | the 


0 : 

Stress, in Pounds per Square Inch 


consolidation of the clay, under 7 
the load of the te ow well not he calial for the reason that there could be | 


little possibility relief of preswure developed by axial on piles. 


reid depth of raion ation of the piles, could not act as lig orth courses for 
egress of pore water. Furthermore, | the computed pore pressure delivered to 
surrounding soil was as practically sere for the top several feet below the ; ground 
Se - surface so that there was no driving force to carry the f flow of water ¢ entirely. 
to the surface. . No appreciable  Stitlements were reported during the: + years 
ere ‘The | moisture content of thi: clay varied from 30% to 15% (dry weight 
from to. 50%. The moisture 
This clay belongs i in the ¢: catege “y y of those described by Karl Terzaghi, 18 
M. ASCE, Ralph B. Peck, Assoc. M. ASCE, and W. 8. Housel, M. CE, 
with o “one notable exception—i | laboratory ry shearing tests the e measured 
angle of internal | friction in the present case did not exceed 5° 5° whereas 
laboratory value reported by Pre -ssor Peck was ¢ = 17° Pan an + 
_ The possibility of buckling | of timber piles driven to a total penetration of 
80 ft, the lower 2 ft being i in sand lenses, might be onsidered for the r reas on 


that the clay tended to deform noticeably at stresses very much less than those 


7 


: %9‘*EKarth Pressure on Tunnels,” by W. 8. Housel, in ‘‘Earth Pressure and Shearing Resistance | to 
Plastic Clay: A Symposium,” Transactions, Vol. 108, pp. 1037- 1058. 
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corresponding to failure. Thus, in plate loading teats at 9 ft or more below 
2 @ unit load of 1 ton per sq ft produced ¢ a settlement of 1 in. although the so 
see value w was theoretically : at least (+ had ¢, or 3, 100 lb per sq ft, —— a 


Let. the of = = 80 it; E 000, 000 Ib per sq ft; I= 
“the » average diameter of the pile, = ='1 ft; and K = 24,000 lb per cu ft. As- 4 
suming that the factor m is 5 (Eq. | gp solved to the nearest whole number), 
Eq. 28 yields Pe = = 1,031,000 lb. This value is in excess of 500 tons, which i is 
three the compressive strength of the cypress 


» 


in whch A’ is the slope of the semilogarithyaic f plot of the curve; and B is the” 
a of the loge 0 line part - the curve | wed the ordinate 1 ton per sq f ft. 


© 


Now a homogeneous clay type s ail of indefinite depth and extent 


. “3 1. The ground water level exists at a depth H, below the surface; 


2. Water has risen by — to the .ound surface and all voids atte 


2. The constants, A and | ‘By f 
. The soil i is the in-place vertical load all 


at the surface is to capilla-y Dy 


Ye being the unit weight of water. 


 @"The Stability of Foundation Piles Against Buckling Under Axial Load,” A. E. Cummings, 4 * 
Research Board, National Research Council, , Washington, D.C 18, 1938, ‘Pt. II, 
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| 1€ equation of the straight line part of a typical consolidation curve, witheé, 
| the 
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nd 
ars — 
ia 
ght 
CE, 
the 
those 
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Ps 


apers 
Ata any ‘than H,, intergranular or the 
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o Yo being the unit weight in air of the : saturated soil. Then at at the depth 
dho, the consolidation pr pressure is + The ye-value of the 


hues 


p= 


: by: substitution of 36 i in 


Therefore, 


‘Substituting Eq. 39d in Eq. a7: 


= 


40 is now but not limits. constant of integration is" 
is the void ratio at the he = = ‘That j is, 


e value, G, are laboratory i. 


ty 


= 


the corresponding value for ai is obtained from Eq. 43. Thus, the relation a 
depth and intergranular vertical pressure is exponential and not 

or a the ground water is constantly a at the surface, the consolidation p pressure 
Bt is zero at | the surface. ‘The consolidation pressure at any depth h below the 
ground surface is (Ye Ye) h in this case. The relation between h and | 

er 


but the constant o integration in Eq. 44 differs from that obtained in the sais . 
It may be considered | that the .e soil i is at its liquid limit at the ground surface. — tog 
: ‘Since the condition of complete | consolidation is assumed as existing at ‘all 
depths, Eq. 31a should be applicable at all finite depths that correspond to. 
- values of p, that are within the range of values, for this variable, included in “eee 
the straight line part of the laboratory-determined consolidation curve. F. A. a 
Robeson‘ has shown, however, that for certain conditions, the straight line ors 
of the consolidation curve only for the values of Pe equal to 


= 0.1 ton per sq ft, the il mass is at its 


‘Sample “Depth Lb per Cu Ft % Moisture 
70 Ft 


47 —Trrican Test Dara, Cuay; No. 2, La. 


limit an and that h; the linear relation between 4 and logs 


a + e+. 
Yu (G — 1) 


“A Method of of Fills Placed on Muck Beds,” by F. A. Robeson, Public 
bruary, 1936, p. 249. 
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depth h; where (Ya — Yu) “a 
— 
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ratio corresponding to. = 0.1 ton p per q ft; hence, 


but, ‘before, = Ps and 2. e + A= 1 + B A (1 loge p 


Also, = 0.1 ton per sq ft and 1+ e+ A = 1 + + A (1 —loge0.1). 
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¢ 


again shows (and this sme for the ease of complete aimee) 


the in consolidation pressure, Dy with depth, in soil that is 
pletely consolidated | by the existing ver- 


pressure is an exponential relation- 


ship. It is obvious” from consolidation 


ee 
] curves that the consolidation pressure 
SY is an exponential function of the void 
bi Tatio, but it is not obvious ‘that De} is also 
Silt Soil B= 1.091 
an exponential function of depth in a 
a homogeneous soil type that is completely 
consolidated under weight of overbur- 
plus any existing « capillary pressure. 
In the case of the plastic clay at 
Houma, the preconsolidation pressures, 
estimated | according to the procedure — 
described by A. Casagrande, M. ASCE, 
and R. Fadum, Assoc. M. ASCE, 3 
__| varied from 0.5 kips per sq ft to 3.0 kips 


per ft, _ throughout depths ranging 

- from 10 ft to 70 ft and there seemed to 

from Hangar | be no good relation between these 

and the > depths at which the sample 

oe were taken. In this instance the shapes 
of the (e versus loge ps)-curves did not 
per Sq. Ft. lend themselves to the analysis, since 
there seemed to be no well-defined points 


48.—Curves or Eq. 34, For Two 
Soms of sharpest curvature. The depth to 


ground water, at the time of sampling 


igi 


owas 4 ft. The estimated pressures were generally somewhat 


less than the estimated overburden loads, indicating incomplete consolidati 


“Wig. 47 shows curves for samples of this clay taken 
The bulk density and moisture content (dry 


eight basis) of the mane caeaiiiee as received, are given in Table 2. Fig. 48 


on Soil Testing for Engineering Purposes,”” by A. Casagrande and R. E. 
Series No. 8, Harvard Univ., Cambridge, January, 
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‘crease in : wait weight produced by pt 
the more the graphs of 
43 and 47 depart from a TABLE 2.—Tesr Data, Puastic 
relationship between SaMPLEs Fig. 4’ 

depth and consolidating pres- 
weight, unchanging with depth, it) saturation — 3 
relation would be ‘strictly — 
for a homogeneous soil. 
The graph for the plastic clay, _ 

Fig. 48, is almost linear. This 


: 


— in density with depth even for a condition of complete consolida- 
re clay i in 
49 shows a typical section ents a cellular pier, , approximately 400 
7 ft oie with berth lengths along tl the two sides of 1 700 ft and 1, 000 ft, respeo- 
tively. 
- periphery of the pier is bounded by a continuous ‘series of steel sheet pile ah 


_ driven into a ote sand plug, deposited for this purpose. — Those cells in which 
+112.25 — 402 Ftt— 
Lower Compacted Red Rock, [<4 shown in Fig. 49. It 
El +1122 25 considered that the driving of 
455.0 piles would tend to in- 


435.0 crease density of the sand 


in and below these cells to such 


Medium Firm ‘aah oe an extent that there would a 


terial——| 
49. Secrion THROUGH ser ous question as to sud- 


sand was obtained from various sources on ‘this yet it was 

surprisingly uniform in gradation. In the main, it ‘was a poorly graded, me- 


dium sand, with from 307% to 60% the No. 40 sieve and retained o 


with to void ratio of the s sand. The ‘direct and 
triaxial shear tests were made according to the procedures | described by Pro- 
i Casagrande and Fadum. a Fig. 50 shows the relationship between the oF a 
initial void ratio, e, the minor peineipal stress, P2, maintained constant during 


individual triaxial test, and the indicated percentage in ag 
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ys 
j 1. 47 for two soils,-one for the plastic clay at Homa =f 
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of Direct Shear and Cylindrical Tests,” by Donald — in 
on Shear Testing of Soils,” Proceedings, ASTM, fol. 39, 1939, p. 1058. ae 
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it follows that 


&: the reduction in volume of ‘the sand from its loose state to the critical density 

ume) may | be several times the vol- a 
‘ume reduction accompanying the 
‘ transition from loose to critical state ™ 
a relatively low w minor prin- 


cipal stress. The appreciable de- 


ate crease in volume of the submerged : 


sand requires considerable egress a 
water from the large mass of sand. 
Since no sand is permeable 4 
render the escape of w ater instan- 


r 


there were a sudden and severe Som ar 


_ tions the combination of static ‘overburden load and would tend 

sand mass, which in the lower reaches would 


trap the water and convert a considerable — eee! ve 
part of the intergranular stress to pore pres- 


sure. the absence of any vibration, the 

4 sand mass, even in the loose state, is capable ps a 

of developing the full resistance 


Thus, at El. + 35 (Fig. 49) and in 
pal 078 back of the cells, if p: is taken as ap- 
den (5. 00 kips per sq ft); and, with ¢ equal 
om to 28°, ps by Eq. 50 equals X§= 1 80 


Eq. 52, is 1.8 X 1.47 X 0.532 = 1 41 kip 
= In Fig. 52 t the critical void ratios are plotted against the 
-_prvalues of the triaxial tests. Using the data of Fig. 50, the critical void ratio 
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1.8 kips per sq fit ft is 0. 834, If the void ratio at EL. + 35 and 
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between El. + 35 and El.+ 55 outside thecellsh, 


ie mum shearing resistance of 1.41 kips per sq ft. _ However, if the void dite 


should be at 0. .866, or slightly above this value, then, from Fig. 50, the effective Z 


ee intergranular’ value of 7 p2 could not exceed 1 mip per sq ft; and, for this ec condition, 4 


2 Eq. 52 yields v = 1 X 1.47 X 0.532 = 
disturbance would tend to reduce the cheating resistance to one 
helt of its its under of static The intergranular value of Pi, 
40, X 1 = 2.78 ki 
sin 23° 


be 5.00 


At the outboard side or toe of tl the cells, because of the rotating moment, — 
is considerably g greater than the v weight of overburden (5 kips per 8q ft) 
the lower ends of the sheet piling. Without going into details the computa-— 
tions of the vertical pressure distribution at this level w within the cells, it may 
be stated that the 2 computed maximum vertical pressure at the toe is 7.5 kips. 
— sq ft. — ‘Iti is recognized that the major principal stress at this point very iS 
— dikely exceeds this value but a complete and satisfactory stress analysis, -_ 
dee _ plicable to this region, is nonexistent to the best of the writer’s knowledge. — 
~ For an assumed or estimated value of 7.5 kips per sq ft for p:, the corresponding 
_ value for Pe by Rankine’s relation would be 2.7 kips per sq ft, and the computed - .. 
resistance from Eq. is 2.10 kips per sq ft. ‘From Fig. 52, 
= 2.7, the critical void ratio is 0.80; and » within t this s region, with e equal t to, x 
than 0. 80, any sudden would not reduce the unit shearing 
below 2.1 kips per sq ft. Consequently, 1 no ‘momentary pore pressure 
a ould result as Jong as the quake does not increase D1 beyond its initial value 
of 7. 5 kips per sq ft. oe _ However, i if the void ratio is 0.832, or slightly more, then _ 
the effective intergranular value of p2 would be 2.00 kips per sq ft, the unit 
- shearing resistance would be 1.55 kips per sq ft, and there would be a developed 


pore pressure of 7.5 — 5.5 = 2.0 kips per sq ft. — ‘This amount of suddenly — 


ae pore pressure at the toes of the cells would cause piping al the _ 


oe = bes In the direct or box shear tests, the angle of internal friction of tes aa 

- merged sand varied from 28. 3° to 38. 3°, with corresponding | initial void orale 

of 0.85 and 0. 62, respectively. _ Thus, a a constant value of @ = 28° in the —~ 
> going computations is not strictly « accurate; but i in view of the fact that, at best, 
density i in place of the sand can only be estimated, no refinements i in 
reference to Fi ig. 49, the below El. + 55 in the area of the cells 

was deposited from dump barges and as many as 200 tons of sand were dumped 

n the mass at one time. _ The sand filling the cells was deposited hydraulically 
and in a manner to*minimize both segregation and unbalanced lateral pressure. a 


Poy backfill behind the sheet piling cells: consisted of sand. and bank-run 4 


3 


deposit the backfill either hydraulically or by dumping. 
ie Laboratory studies indicated that, by dumping, « a void ratio not exceedin 
0. 80 could reasonably be expected. ‘This i in turn indicates tl that no 
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for values of not appreciably exceeding 8 8 kips per ‘sq In those 
cells in which steel H- piles w were driven for ‘the 1 crane tower foundations there ve 


to: an extent such that there can be no » Mibelthoed ¢ of instability of the niki mass > 
E under earth shock. — In all the cells timber templet piles were driven, nine in 


4 each cell, prior to driving the sheet. piling and when the top elevation of dumped 
sand at E El. + 55. Then the sheet piles were driven around the templet. 
piles. ‘These | operations ‘tended to further increase the density of the sand 
below EI. + 55. The cells were then filled hydraulically before backfilling. 


t W ith the sand level within the cells at EL. Ie 107, the lateral movement of sand a 7 


= The use e of sand in this Project, and in the m manner - described, og wage ina 


and other locally available materials which were considered to greater 
stability. Earthquakes of minor intensity can serve only to increase the 


density and therefore also the structural stability. — Such minor disturbances 
tae already been realized. In the event of a major ' disturbance, approaching 
that of 1906 in intensity, it is problematical if extensive damage can occur; 
and, with the passage of time, the ipniaeie of “~ such damage is progressively 
oe ‘This project is of special interest en the reaso reason that it invites consideration | Ae 
of i possible control procedures in earthwork of this type and on this is scale. _ The Be 
basic difficulty i is that of obtaining undisturbed sa samples of sand on a scale re- ™ 
for a reliable survey of conditions. the problem could” be 


_ studied to better advantage by large-scale model tests. ‘The results of research — 
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J. C. GEBHARD,“* M. ASCE 


ers sin n this have with various 
q 


3 structures, the « engineer is never r quite sure just how conservative his designs | 
and construction procedures have been unless there is some visible sign of dis- i 


actual failure. | Since such occurrences help to build up the fund of 


tical judgment, | Commander Coxe | and the writer reasoned that it would 
be of interest to discuss a few jobs thet gave disappointing results. ‘This paper ro 


@ case involving a nonplastic sandy backfill whereas ‘the last Sym- 


er by Comr mander Coxe describes a job that ev plastic soils. 


-~Construction. Started 


Ni 
“Cave In No 1 
| 

—35.0 First Cut _ 


N\ 


1 : ~40: 0 Utimate Line 


ft quay well. across the | outer end of the bight to retain the fill an a and 
provide a wharf with a 40-ft depth of water alongside. 


_ The quay wall (see Fig. 53) is of the relieving platform type with il 
heet piles | on the outer face. .. flat slab concrete platform, about 53 ft — 
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with ite bo ttom surface abo out 1 5 ft sil low water is supported on a an of ae ye 

= spaced untreated wooden piles (see Fig. (54). The concrete sheet piles 
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4 
‘The was | placed slotted dredge discharge | pipe and it 
“ported that most of the thin o 
bay was washed out in the process. Wooden test piles indicated that all piles t 
4 would have to be jetted and that bearing values greater than 40 tons per pile 
1 would be reached at a point elevation of about El. —30. The fill i is a fine non- 
plastic sand weighing about 110 1b per cu ft. All of it passes a No. 8 screen; 


.™ quay wall contractor first excavated a hee trench i in n the dike ‘to al out oo ul 
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of about El fter this, off t the ‘top the fi fill, placed a 4. 


da.” 
F yer r of crushed stone, and cast all but the outer 9 ft of the concrete giepaad ws 
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ry 


to retain the fill but, because of wartime could not be 


‘obtained. _ Accordingly, , concrete sheet piles, 24 in. deep ep and 19 in. wide, were 


The tongues projected 23 in. and the grooves W were Shi in, 1. deep. 
vertical holes were left between the piles, measuring about 23 in. by 7} 


plan as shown in Fig. 56. It was recognised that —_ joints between the 
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— 


— 


ft below the future dredge to The spaces 
3 between the piles were tl then to he filled with cement grout pumped into place 
from EL. to the» tops” of the piles. To test the effectiveness of arrange 

— ment, two 30-ft sheet piles Ww ere driven so that t their lower ends were about 10 


in. . apart. with their tops in contact Neat. cement was forced into the ¢ groove wars 


Between Sheet 


VIEW OF CAVE-IN NO. 3 


a between. the piles. “Therefore, it was | decided to proceed with the use of neat 
ve cement ‘grouting. ay Tecause the entire lengths of the sheet piles were in the 
pe ground, it was not possibie to inspect the results of ons or  aeeia! until © 


after the material on the outside had been dredged. 
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his work, the dredging contractor began by dredging to El. 


in one cut right to the sheet. piles, using a a 30-in. suction dredge. He then 
cf a “tended to make a second cut to reach the required depth of 40 ft t. As ‘the i. 
dredging progressed, four large cave-ins occurred suddenly soon after the out- 
gee side material was removed. The location of these failures, and a view of cave- - 
in No.3 are shown in ‘Fig. 57. These cave-ins extended as much as 60 ft beyond 
the inner ‘edge of the: relieving platform, or more than 100 ft from the sheet piles. 
aS _ They varied i in depth to 35 ft and i in length to about 200 ft. The largest s single e- 
tes cave-in involved about 8,000 cu yd % It is impossible to . determine the rate at ae 


Pet be oe 3s which the material was lost since it is not known how long the loss may have 
been i in progress under the relieving platform before the final cave-ins occurred. 
It: appears however that as much as 7, 000 cu were lost in 24 cal 


joints, the faces of the sheet piles. did not meet properly by 


at El. .—30. “Thee conditions were along the entire . of. the 


there were numbers of openings extending through the wall where 
grout | had failed to plug the joints effectively. In some cases, loose cylinders 
sae - of grout the size of the grout pipe were found where the character of the bottom ‘= 
— had prevented proper intrusion of the grout. 

The officer-in-charge was concerned about exposing the untreated wooden > 
under the relieving platform to the action of marine borers and 


cordingly, he made a detailed exploration of the settlements that occurred 
bea “under the entire length of the platform in locations other than the cave-ins and 4 
a eee. eee that the fill had settled over wide areas from little or nothing to as much — 

a8 30 in. | There ‘was no evidence of any lateral translation of the relieving 


4 ee coe platform | or of any part of the sheet piles. Mounds of sand found by divers 7 


fea outside the sheet p iles had slopes as steep as 2 on 1. However, divers did not 
-Teport seeing pouring through the openings. In one case, & hole to El. 
<2 ai —44 was found outside the sheet piling i ina ‘region v where the level of adjacent 
dredging w was about 10 ‘ft higher. | It is not known whether this resulted from roe 
accidental overdredging or from a “blowout” under the ungrouted gaps between 


The dredging procedure i in the second half of the job was then changed sO d a 

Rta See the first cut was made to El.—25, the second to EL. —35, and the fina al oe 
seg fon cleanup cut to EL.- —40. iy Also, a small berm was left at ‘the foot. of the sheet 4 be. 
piling to guard against overdredging, and the cutter head | | was kept a atleast 25 ft 
from the wall. ‘The —25- ft level was ‘used as a working platform from which a 
grouted all suspicious looking joints. W ide joints that appeared danger- 4 


ous were -grouted | practically tot the of the piles before the dredging was 
extended lower levels. With this revised procedure no further cave-ins 
oeeurred. contractor finally pumped concrete sand under the slab 
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to see such holes if they formed. ‘The cave-ins occurred and 
large. areas. (In Fig the cave-in lines beneath the platform were 


The obvious answer, of ‘course, is to make the sheet piles tight. Bince this 
S may ‘not. always be« entirely practicable it is desirable to understand how material 7 we 
is lost through small | openings, so that ; precautionary steps may be taken to pass 
provide appropriate safeguards. appears to be especially 
where sand dikes are relied on to reduce the lateral pressures of clay backfills, a: 
since a loss of dike material might then subject the bulkhead to dangerous 
this case a fine sand fill was placed hydraulically its full height before 
any of the p piles w were driven. Large storehouses were built on spread footings - - ee 
on t this type of fill with no noticeable settlement. . Although the pile jetting 


- operations probably loosened the sand, ‘it is likely that the final driving of the ee 


data are available to show what were actually obtained. Some of 
that escaped was virgin bottom, not recent fill. 
A number of explanations have been considered. A sudden jar caused 
rz by construction operations, or a sudden outward movement of the sheet piling, — se 
= might cause a “quic ” condition in the fine sand and make it behave tempo-— hi 
4 rarily as a heavy liquid mass . There w was a suspicion 1 that the cutterhead of the a 
3 - dredge ‘struck the the piling i in one case. _ However, there i is no suspicion of this i in roe 


_ the other cases and no movements of the piles were observed. "Therefore, it i = 
not likely” that the -cutterhead of the dredge struck the piling since such 


hours. . Another considered was that, as sand slowly. washed 
out between the sheet piles, cavities were formed behind the Piles and these — 


Me holes were maintained by the : arching | action of the sand. As the | cavities « en- 


“built up por pore e pressures which liquefied material and permitted it to 
out rapidly. . The extent to w hich arched cavities could form would depend ae 
on the cohesion of the material in the backfill since ordinary cohesionless sand a a 
will not arch in this manner under water. This also is not a likely explanation — = 


even though such action may have ‘occurred and contributed i ina eminor 
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sed by percolating water “escaping into a free | opening 


WwW here the grouting extended only a a few feet below the dredged level, and S44 


pressure ¢ on 1 the ou 


is not uncommon for a structurally adequate wall to fail a 
backfill because of leaks through the sheet piling. Ordinarily, 
 lieving platform, leaks can be detected by the formation o i 
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is howevat, that 1 most of the loss was started by the 


fan 


of -cohesionless sand through openings between 


: Tschebotarioff few laboratory Daytona 


. Beach sand. — ~The tests were made in a glass sided tank 60 in . long by 24 in. 


4 high by 8 in. thick. A semicircular hole, 2 in. n. in. diameter, was cu cut i in the mi 
head against the side about 16 in. from the top. 


a the first case the water was kept at the same level on both sides of the 


ia bulkhead and above the level of the sand. When the plug was removed, the 
“aa cohesionless sand ran out of the hole by gravity. This quickly formed a ver- “tt ry 

tical ‘pipe” of moving quick" sand falling through water. The hole became 

enlarged within a few Tninutes. In the second case, the water was kept above 

a ‘the sand but was lowered on the ‘outside. The action was the same but 


a In the third case (see upper row, Fig. 58), water was kept slightly below the 
surface i in back of the bulkhead and was kept somewhat lower on. he 

: outside. The action was similar to the other e: cases. In still another case se (see ee ie 
ats er row, Fig. 58), dowels were installed to simulate piles; again, the action mgt 2. a 
was similar. The piles had little effect in retarding the rate of loss of the 
eek It is” possible | that the reduction of the static pressure in the moving a 
ei mass, as ‘it acquires: velocity, accelerates | the | loss of material from the ba banks, pa a 


the pressure in the banks would then be r relatively greater. ‘Thee escaping 


a “material was i in a quick condition and the he action wot would be expected to continue mat 
until the sand reached its natural angle of repose. the prototype, it is en- 
© _ tirely possible that chunks of material having some cohesion might have tum- _ ahs 


— bled off the banks and caused a successive ‘spread of localized quick conditions. = 
Also, the wood piles could retard the loss of material having some cohesion | a 
and aid i in building up higher and steeper banks than would otherwise be the ee 
ease. This c condition would tend to build up larger cavities and pressures and ao 
to produce sudden slides. The basic initial cause, however, appears to have 


been the simple flow of iencuaiinen material seeking its natural angle of ea i 


_ The foregoing suggests that sandy materials used in backfills not only should — y a 
ee have : as great an angle of of repose as practicable but also should be selected and Pet 
ee placed s so as to minimize the danger of loss from possible leaks in the bulkhead. oe 
The studies indicate the desirability of using densely graded coarse angular — 
— against the — to stop the loss of fines and to develop —— 
across sma 


Although there is nothing particularly new in case, it certain 

a, points—that i is: (a) The importance of having tight walls sufficiently deep; (6) or a 


= the need for guarding ois conditions that can result i in peepee induced 
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use a loss of materials or excessive 


_ behind the bulkhead cannot be relied on to retard the loss of materials or to > 
reduce lateral pressures especially if a quick condition is initiated; and (d) the — 
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WALL. AT MARE ISLAND, 


Cc. 46 * Esa. 


rnia, and subsequent “investigations, conclusions, and measures, 


The south quay wall, seasniiiiaiidie 850 ft long, was part of a project to 
provide berthing and s servicing facilities for the fleet. . As shown in Fig. (59, ce 
entire included north quay Ww a south quay a west st quay wall, 


- End of Existing Quay Wall 


End of Original Spe Spur. 


200 200 400 
ale in Feet 


part of 1941 and the nay months of 1942. Speed of construction was essential, — 
and the rapid completion of all these waterfront facilities was the desperate need 
- The south ‘quay wall is typical of many such structures. by 
the Civil Engineer Corps of the United States Navy. Reinforced concrete 
sheet piling 2 ft thick was used because of the shortage of steel. Behind 
piling, Fig. 60 shows a timber relieving platform supported on bents of 
twelve vertical wood piles and four wood batter piles. These’ bents, 


|  FAILU =. 
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“Ht Quay” Wall — 724 — 
4 
q ks, Navy Dept., Washington, D. C. 


uy 


supported by wood vertical and batter piles ; and connected to the quay walls by 4 
a) or. steel tie rods, 2 i in. and 2.5 5 in, in diameter, were not included i in the original a 
eto ag design but were installed after failure of the wall. = Fig. 61 is a longitudinal 7 
Rae + view of the quay wall during construction, indicating | oe size and weight of q 


; “roe - piling s and the timber platform, , completes the structure. Selected backfill was 
ee fF then placed o on the relieving platform up to finish grade. Concrete anchors, 
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Driving Concrete Sheet Piling 
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30 Ft Ultimate 

Construction was started by using a suction dredge to clear the site ofthe 4 

‘quay wall to El. 70, or 30 ft below mean lower low water. For design purposes, 

the elevation of the mean lower ‘low water was taken as El. 100. After dredging = 
ae was completed, 20 ft of fill material were deposited in the quay wall area by — ae ei 
oa _ bottom dump barges. Then the wood piling was driven for the relieving plat- a ae 
form and framed with ‘timber at the platform elevation (El. 102). The con- 
crete sheet piling was driven from a derrick barge u: using a Vulcan No. 0 hammer. Ss Ee. 
ie concrete quay wall was then constructed to anchor the top of the sheet . 
: ea piling, and backfill was placed to the u underside of the relieving platform deck. 4 0 


Finally, the relieving platform was constructed, craneway footings were poured, 
_ . coe Cracks began to appear in th the face of the concrete quay wall in January, 1942, § 
seh a shortly after it had been poured (see Fig. 62). The relieving | ‘platform i in the : 


with backfill. In an attempt 
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at Station 
anchorages were completed but not 


3 ic wall at Station 6 + 50 near its ¢ outer end and tied up pending salvage 7h Lass 
operations. The w weight of this tug was further added to the lateral forces at = 


survey made from January through May, 1942, revea 


of 6. 4 ft, while settling vertically 1, 9 ft. Mont 
the vertical settlement and lateral movement of the wall occurred | during 
ee January and February. 2 Anchor rods were connected to the outboard anchor 
SS on February 24, 1942, and to the inboard anchor on March - 4, 1942; yet despite 7 

these tie backs there was still an appreciable on later 
2 _ investigation, it was : found that five of the ti tie rods, 2. 5 in. in diameter, of ha 
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ately unloaded and 3 1e wall, the relieving platform 
deposited in front of the 
|, 
— 
‘7 + 25 (Fig. 59). By Februs 
= arch 1, 1942, with 
ses, 
ing 
lat- 
ner. 
eck. — 
red, 
the attributed to the 


 ‘InJduly, 1942, 0. J. Porter, M. ASCE, w: as called i in to investigate t the causes 
e - of the failure and to make recommendations on methods of arresting further 


_ movement of the quay wall. Soil borings were» taken which Tevealed very 
soft materials to or 83 ft below mean lower low water (see Fig. 


4 Bp ier formed by the action of eres matter during a period when there was 


little or no filling. Beneath this glauconitic layer was a stratum of brown clay Pi 


— encountered beneath the brown clay at approximately BL 8. 


was found to be soft and condition was 
ind sult of the slaking of the elay-shale material used in the filling operation. 


The ‘material under the fill had a unit wet weight ranging from 87 lb per cu ft 
to 102 ‘Ib per cu ft and a moisture content ranging from 52% to 118% of th 


£ 


dry weight of the soil particles. “All were that the excessive latera 
pressure acting on the bulkhead was caused by pore pressure, both in the a 


‘fill and in the fine-grained soil underlying the backfill. — , pre 


outward motion of the bulkhead caused five major cracks more than 
= . SS in. wide and six minor cracks of less than 1 in. Fig. 63(a) shows an 8-in. =f | 
ee crack at Station 6 + 69, at the location of the sunken tug and Fig. 63(b) shows sf | 
wal ‘ig 6; sa longi- 
ce 
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Well Point See Detail—a 
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| Glauconitic, Green Stiff Sandy Gravelly Clay | |__Soft Black 
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Movement 
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‘hs a ry 5- in. extension was driven into soil to the 

4 - desired ‘depth; and, after filling the pipe with water, pressures were measured 

by a gage attached to the upper end of the pipe. Readings were taken over a 

period of days and recorded as as pounds per square ‘inch after first correcting for _ 

a the weight of the column of water above the tide level existing at the time the — 

+ a were taken. These readings indicated pore pressures ranging from ; 
nero at the surface to a maximum value of ‘approximately 4,500 lb per sq ft 
80 ft below the surface. The effect of pore pressure was to increase the lateral — , 

ie forces on the bulkhead by 75,000 lb per lin ft, over and above 
- have existed had pore pressure not been present. Pore pressure alone increased 

s the lateral pressure 40% or more over that which might be calculated by as- a 

igh su suming g fully mobilized frictional and cohesive resistance in the soil. ce ast = 

ee To relieve this pore pressure quickly, work was begun in August, 1942, ‘based 

Roo Mr. Porter’s recommendation, t to install vertical sand drains to a depth of a 


ft below mean lower low water. ‘These drains were spaced 8 ft on in 


A total of three hundred and thirty-six drains were driven. The construction 
procedure | called for the removal of sections of the relieving platform, cleaning 
— out the mud and fill to a depth of 3 ft below w the relieving platform, and back- 
filling with clean, coarse, concrete sand, or pea a gravel. The sand drains were 
driven using a steel pipe, 12 in. in diameter, with a collapsible cap on the end. | 


The | mandrel w as slow ly withdrawn as the sand filled the driven | hole. The 
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oh atform; and those in back of the relieving platform were spaced 12 ft by 13 te 


Movement 


§ also by that part of the weight 
a8 skin friction from the piles to the muc . to determine the extent and vari- 
ation of pore pressure with depth, pore pressure measurements were made at on ee 
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onthe top ur the mandrel after it was filled with sand and applying air pressure. 
air pressure forced the sand out of the mandrel as the mandrel was with- 
drawn, The driving of the sand drains was completed in October, 1942. 
ms ita In addition to the sand drains, and to hasten the reduction of pore pressure, 4 
fy surcharge i in the form of sand blankets 5 ft or more thick was placed at various 
gs locations on the fill. _ When the pore pressures were reduced ant and the quay wall 
ies nA ar The action of the sand « drains and surcharge i in accelerating consolidation 


a and pore pressure reduction - was very effective although no actual data as to the 


4 reduction of pore pressures are available. This method of stabilization, com- 

bined with the anchored tie rods, completely checked any further motion of 

i te the quay y wall and effective stabilization was realized in December, 1942—ap- 
__ proximately two months after the sand drain installation was completed. 

; = Se je Inasmuch as the movement of the wall had stopped, it was decided in Janu- | 

He ee ary, 1943, to dredge : alongside the quay wall to the fi full 30-ft depth—necessitat- 


ing the removal of 20 of from the outside face of the wall. The dredging 


Elevations and variations for the 
stations shown cover the 42-month 

— AND VER- - from April, 1943, to October, 
Movement, IN Freer The minor changes of eleva- 
cost) “May, 1943, were undoubtedly caused 

E by the live load on the pier and the 
42-month | 4-month | additional. dredging. The ne 

_period? | period= | period? alinement for the 42-month period 

0.22 | rom April, 1943, to October, 1946, 


are on the order of only one 


006 203 20, of the magnitude of the changes dur 


the 4 month period from January 


| +0. o May, 1942, prior to the installa 
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Te ble 3). « changes i in elevation 


were similarly reduced. As of Jan-— 
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The this quay wall failure further emphasizes: the many 
problems encountered by the Bureau of Yards and Docks in waterfront con- 
struction throughout the world, and explains the great interest that this Bureau 
has i in the development « of test procedures for determining, accurately, ma 


the refusal of the sand to Stay 1D place when the mandrel | 
jj. ‘main difficulty was the 
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By RALPH W. STEWART, AND MAURICE BARRON 


W. STEWART, ASCE. method is. 
which is efficient in ‘computing | the bending moments in continuous 


frames such Vierendeel trusses, which is as accurate as the common 
theory of flexure. This gives the paper considerable value as a reference. 
- In developing the method by applying certain old theorems of structural — 
Pe mechanics, it appears to the ¥ writer that the preliminary work is cumbersome. 
Eq. 14a the authors show five 
drawings (Figs. 4(a) to —A(e), in- 
clusive). By ‘simply adding two 
lines to Fig. and transfer- 
ring to it the longitudinal dimen- — 
sions as shown in Figs. ‘A(c), 4d), 
and A(e), it is s converted | into Fig. , 
which shows all the elements 
the flexure and | makes t the other 
four drawings unnecessary. The authors’ procedure for deriving 
can now be duplicated term by term by ‘referring Fig. 23, and using 
its geometrical properties. _ This reduces the labor involved i in the derivation = 
and also eliminates the use of the conjugate beam theorem. _ Similarly, by oe. 
adding two lines to each of Figs. 2(d), -3(0), and 5(b), reference to the 
beam theory and also the moment-area drawings can be omitted. _ ie 
Beginning with h Clapeyron’s 8 discovery a of the three-moment theorem, various” 
special formulas or constants have been "proposed for facilitating the analysis 


of stresses in continuous structures. These include, among others, the 


4 


Nors.—This paper by J. Charles and C. W. Cunningham was ge ublished in April, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: September, 1947, by L. J. | re 
_ Mensch, Frederick S. Merritt, I. Oeste terblom, Thomas C. Kavanagh, A. Floris, and Tao King; and Novem- 

a ber, 1947, by Leroy A. Beaufoy, A. A. Eremin, Robert B. B. Moorman, Eduardo —— Stephen J J 
Fraenkel ‘and Robert Janes, and Phil M. Ferguson. 
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‘derivatives obtained by combining part 0: or all all the six basic constants of flexure 


Because the propriety of using the adjective ‘ ‘basic” in ‘identifying 
 aiallaaiads about to be described has been questioned, ® it is necessary to explain 
why this is done. A_ suitable explanation can be presented | by chemical 
analogy. The most important discovery i in chemistry prior to atomic fission 
& Ww as that all molecules could be broken down into components (atoms) which | 

could not at that time be further subdivided. Combinations of atoms beet ame 

known as. “derivatives” ; for example, CH, C,H, and CsHis are called hydro- 
- carbon derivatives, and hydrogen and carbon may be considered as their basic 

‘components. _A similar ‘condition exists in machines, for which the basic 
agen sees may be listed as shafts, gears, keys, pulleys, belts, and the like. 

All conditions of flexure | may be reduced to an assembly of the following 


qa) produce a unit. change i in the of the 
ee elastic curve of a beam when applied at the left, end, the right end 
(2) The moment necessary to produce a unit change i in the direction of the 


elastic curve of a beam when a at the right left end 
(3) The abscissa of the intersection of the end — to. the elastic curve 

of beam (or the center of grav ty of the diagram) for condi- 

sponding abscissa 


Moments due to FEM in span GE 16/4,462 | —0.03 
Moments due to unbalance at point E 4/830.8 —0.04 
Moments due to FEM in CE. 462 63 
Balanced fixed-end moments. 


Final moments (without sidesw 


These four constants are known as the beam constants. They are inter- 


related s 80 that, if three are giv en, the fourth ¢ can be computed by Maxw ell’s 


3 theorem of reciprocal deflections (angular). Gt Constants (1) and (2) are e the same ; 


onjugate beam theorem, the carry-over and specia 
e end-moment distribution method, and the trans- 
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_ **The Mechanics of Creep for Structural Analysis,” by Joseph Marin, ibid.,p.477- four 
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ternal loading, which acts on it between the supports; and 

The al bscissa of the intersection of to el 4 


4%, 


3 585 


"Although constants 
De further subdivided into force times  dintance, neither ‘a ce (which | might b 
nor distance acting alone can produce flexure. he simplest condition 


which can produce flexure is a combination of force and distance; therefore, 


constants — and (2) have been reduced to ‘the lowe est possible donnie as far ms 


AB | AC | CA 


+0.06 | +0. -19 | —0.40 | —1.15 | —0.68] +1.83 +5.55 
+0.09 | +0. .25|—0.53| +2.45|—0.91| —1.54| —0.53 
—1.27 | —4. ‘71 | +7.93 | —1.37|-+0.51) +0.86| +0.30 
12| 1.12 | -3. 27 | +7.00 | — 12.07] =1.08] +13.15| +5.32 | +5.06 | —10.38] +1.73| — 


“iti isa deed fanction and not a basic constant. With these basic constants — ; 


extra items like the beam 
authors’ Example 3 (Fig. 8) i is easily solved by the ication of only 
four of these am as ‘illustrated | by Fig. 24 and Table 19. In Fig. 24 all 


4 

onstants, are: 

n 

1€ 509.8 1549.5 1531 iim 

— 
— 

— 
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angles of flexure are at the: points te ‘members. This in- 


ecm volves a minimum number of slide rule settings and requires no preliminary _ 


— of special constants. It may be assumed that the authors | 


presented pr oblems like Example 3 for the purpose of illustrating the use of - 


the “elastic length” and the “elastic factor,” rather than to shorten the solu- 
The: authors’ solution of Ce. ‘shows that was for 
7 


ale constants of flexure with omitted). En Fig. 24, a set of values equal al 


a was used in order to avoid fractional values as much as possible. — In- 

‘Fig. 24, the series sof angle values will remain identical for any proportional set 

of stiffness values but the moment. values will vary directly as the stiffness — 

values. The authors’ “stiffness factors” can therefore be taken from n Fig. 24. 

For “the authors’ stiffness: factor at end of member: CE 

37 2. 267, which the value in Table 4. ‘Tf. Fig. 24 had been 


ae constructed by using - sits for the relative member stiffnesses, the reduc- 


tion factor 6 would from this ¢ computation and the authors’ elastic 


and stiffness factors be obtained by simply dividing the end 


mon pare stiffness: Used in the slope deflection and traverse methods. 


ever remote end conditions exist: Used by the authors of this f paper. 4 


3 the reciprocal of the “elastic factor.” 


use the ‘special devices for such problems. seems ns inadvisable. 
os ever, the solution of the Vierendeel truss shown in Fig. 12 is ‘not easy by any 
d for structures of this class the authors’ method appears to “ 


~The authors are to be ‘commended for 


to the attention of the profession the fact t that a method of direct moment dis- 


tribution is possible, and that it is no longer necessary to use the methods of 


Successive. approximation. ‘Unfortunately, the proposed method is elementary 


when compared to more advanced methods of direct moment ‘distribution. ee. 


&Chf., Design Div., Clarke, and Holleran, Cons. Engrs. and Landscape Archi- 
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ON ‘FRAME ANALYSIS 


One such method i is 1 that developed by Harris Epstedn. Another 
somewhat similar to the Epstein ‘method, has been fully developed by R. wa 


x, 


field method ‘could be incorporated into the "method. 

their concept and use of the artificial fixed joint is evidence of a “tumbling aa 
block” that Professor Brumfield has. ingeniously eliminated. This problem i is 
encountered in every re- -entrant frame. The difficulty arises from the fact a 
that there i is no starting point } of known restraint. — The authors, therefore, fix — 


z many joints a as are required and later release these joints, w ith a further 


corrective moment Brumfield has developed a a method 


—" is available and no corrective dentition is required because of > at 
‘ 4 trary fixing of joints. | Furthermore, this becomes a very useful tool in analyz 
‘ing an individual member of a complicated frame without making an elaborate 
analysis of the surrounding» members. problem of sidesway, or the 


a adjustment for unbalanced soos, | is solved i by very much the same ae 


In order to illustrate the points the authors paper the 
writer has used the Brumfield method to solve Examples 4 and 5. Additional — iz 
symbols for of this method to authors’ ’ examples 


eet 4 


C, to the factor Qmating the ratio 
| of the moment arriving at one end of a member to the moment applied at the 
opposite end of the: same member; the stiffness index, $6; which i is a measure of 
the resistance a member offers to the rotation of the joint to which it is attached _ 
(each | member has two stiffness i indexes, one for ¢ each end); and the restraint — Lis 


ee R, of a member radiating from a joint, a measure of the resistance to — 
ve ~ rotation offered to that member when it is used to actuate the joint by the 


a 


factors are expressed by: 


2-0). 


in the ‘ “going ay transmission coefficient 


= 


of 1 Design for Concrete,” Now of Yards Docks, u. 


“Moving Loads on Restrained Beams and Frames,” Brumfield, Traneactione, ASCE, 
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), the suthors have arbitrarily chosen joint B as 
. fixed joint, ther eby ‘anni the carry-over factors toward joint B of mem- 
bers AB and DB equal to 0. 500, The transmission coefficient correspond- 


ing to the first here two carry-over factors can be estimated as follows: 


2-025) 


+ 0. 25) 


in the is the average ‘ ‘going away” co t of all the 
"restraining members at the joint toward which the desired estimated coefficient 


the computation for the estimated v value of Cap, only a a rough estimate 


s required for the value of | Cap (= = 0. 25) w vhich appears in the denominator. 


The value of 0.25 was chosen because the member BD is transmitting toward 


member DC, w hich i is more flexible than member BD. if these two — 


several ‘restraining members, or one of rigidity, the value of 0. 


0.291. The value of 0.2, as an Cac, is used because 
member AC is transmitting toward the more flexible member CD. ae the a 
value 0.25 had been used, Cea would equal 0.294; thus, a 25% change i in the 
_ estimated coefficient results in only 1% change in in the final coefficient, indicat- 


ing that a crude g guess is sufficient for very accurate results. r The two estimated 


coefficients are entered i in the tabulated computation of Table 20, and all the 
20.—CoMPUTATION OF TRANSMISSION CoEFFICIENTS AND 


Restraint|  Cozrricrent Authors’ | 

Symbol | Value | 


CBA 


> 


_ transmission coefficients are computed, including the dae values of Cag and © 


BA. It is interesting to note the agreement between ‘estimated and final 


coefficients. Also, a comparison of the Brumfield transmission coefficients 
and the authors’ carry-over factors demonstrates that the two are _—e 


at joints twice removed from the fixed joint, showing a rapid convergence t My A 


— 
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4 
lef 
use 
— = — - 
— 
— 
| 2.0 (2-0.266) Do | 0.340 | 0841 | 0.358 
DC | 3.0 (2-0. 0.223 | 0.223 0.590 he 
1.6 (2—0.240) | 2.82 CBD | 0.333 0.590 é the 
| | Cap | 0265 | C500 | 
— || AB | 2.0 @-0.291)5 | 3.55 | : 
and 
— ‘Shea 
«her 
|; | pei 
— -Tequi 
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ON 


re The frame characteristics for Example 4 are found to be as shown in 1 Fig. 25, 


which the end “moments in member AC, 
vented, are determined asfollows: 


Ringe 
x — 0. 194 (4 4 x 24 4X 0.240 
- 0.194 X 0.24005; 
= Coa 2k = 3 + PL Cac 


ve 020x019 


7 
0.642 


“Fra. 25. —Frame FOR 4 (Fra. 9) 


a "Distribution of moments in the frame is shown i in Fig. 26, in which arrows to 
the right indicate positive: “moments: authors’ eunvention), and those to 
This sign convention for moments has been va 
throughout the e writer’s of Examples 4 and 5. 


_ The sidesway, or unbalanced shear problem, has also Sis wor mary ‘out by pte 
Brumfield method. From Fig. 26(a), the total unbalanced moments 

equal — — 1.87, which is twelve times the unbalanced shear. The moment corre- 

sponding to this unbalanced shear, from Fig. 26(), is +1, ,879 M. Equating 
_ these tw 10 values, 1, 879 M : =- — 1.87, from which 1,000 M = — 0.996. Ap- aa 
—— of this factor as a sidesway correction (lines 4 and 9, , Fi ig. 26(a)) to am , 
the moments for no 3 and the final moments (lines 4 

5 (Fig. 10), the use of fixing joints 

in this case joint B. After the preliminary distribution, joint B is released — 

an nd a corrective distribution is ‘computed. _ The correction for unbalanced _ eS 

shears i in this problem is more complicated than in the previous one, because 

_ there i is not only a sidesway, but ¢ also a vertical sway. The authors’ procedure ee es 
in step (g) is to deform the structure a distance, A = 24/E, ‘and then to find 2 
induced moments resulting from this ‘distortion. Eight moments are thes 
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the 21 and Figs. 27, 28, and 29) 1 member AB 
is translated vertically downward with no rotation of joints. - Since the transla- _ 
tion for point A of member AE and AC i is the same, and the Q-values and oa 
values are identical, the: induced fixed-end ‘moments, . Mea, Mas, 


TABLE 21 —ComPuration oF TRANSMISSION 


Moment Spuits, anp Torque Spuits, In EXAMPLE 


BA | 0.467| 0.454 
0.513} EA | 0.546} 
0.487] 0.533| CA 


Ne 


2-0. 316) a 
2-0. ae 


FB | 0.514| 0.492 
0.521| AB | 0.508 
| 0.479] 0.486] DB 


*R/is. R/(R +is). ¢ Estimated coefficients, 


4 


M will be the same. Similarly, the induced fixed-end “ BD 


DB will be the same. Furthermore, the induced fixed-end moments 
top chord: members will bear a constant to the 


333 | 


al 


in ‘Table 20 meinbers EF and CD, were comp ited 
‘same method as used for Example the transmission coefficients 


= 


4 
4 
| 
4 
| iii 
orque 
Joint pith oe 
|| Cer | 0.224 | 0.235 
 F | | Cag | 0.287 | 0.288 0.470 
16 2-0.287) || Cea | 0.337 | 0.343 
16 0-195) Coa | 0.341 | 0.346 
DC] 3.0 (2—0.323)¢ Coc | 0.347 | 0.347 
30 | 0.323 | 0.333 (0399 
| Cre | 0.351 | 0.500 0335 
Cas | 0.349 | 0.500 
DB | 2.0 ( | | Cpe | 0.354 | 0.500 0318 
q 
| — 
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Since: in this are » the same length (Fig. 10), 
the induced fixed-end moments will be proportional to the moments of inertia 
of the respective members, or inversely proportional to the Q-values. — F There- 
fore, if 1,000 units s of moment (dL, 000 M:) are distributed at each joint E, A, 
and C, 800 M; must be distributed at each joint F, B, and D. These six 
moments—three at 1 ,000 M2 and three at 800 M;—may be distributed 
currently, and the totals found at all joints. Since the moments : at, the center 

are equal and opposite they balance and need not be distributed. . Ie like | 

fashion, joints KE, A, and C may be translated horizontally without joint *< 


pa rotation. . Again, the induced fixed-end moments without joint rotation “i a 


»¢ proportional to the moment of inertia of each vertical member. If 1 000 
a ts of moment (1,000 M,) are distributed at joints E and F, 667 Mi must be 


tributed at joints A and B, and 444 M, must be distributed at joints Cand ~ 
D. These six moments—two atl ,000 Mi, two: at 667 M,, and two at 444 } ll 


_ may be distributed concurrently, and the moments summed up for each os 


cee ‘The final horizontal mae in the vertical members must equal zero, and 


vertical shears in 1 the horizontal members must consistent: with 
loading. 
+ 2,281 395 Ms 1.90 = + 1,307 M, + 2,622 30.43, = 
When solved simultaneously, these two equations will yield values of M, and M2 


000 M: = 12.24 = 128. 
shown i in ig. 29. 


ymmetry of a of loading, or a a combination of both. 
vertical sway and sway can occur, they 1 must 


and 7. fact that answers, 
i is due to the unfortunate choice « of and leading, where 

structure is almost balanced by the dissymmetry of loading. ~The fact that 


the sum of the authors’ moments at the top p and bottom of the. columns does 
Ri not quite add up to. zero is not due to computational i inaccuracies, but to the | ae 


effect of separately correcting for horizontal sway and vertical 


sway. | When a structure has several vertical members to which sidesway may 


he be | distributed, the correction will be of little significance, | but : a fallacy may net 
mae result, “such as in in this example, if such structures are used to demonstrate ee 


ee principle. % The q question i is then raised as to whether the authors’ computation | is sane 


In step (d) of Examples 4 and 5, the authors find the end moments of the — a i. 3 


member by using the moment areas and conjugate beam, which were 


used in the derivation. The Brumfield method finds these moments directly 


ent the transmission coefficients. _ Using the authors’ carry-over factors and © 


eld equations, the end snoments for E ple 4 are found to be: 
Mac 0.196 x =- - 7. 80 kip-ft vale 


i= 
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5 5.488 kip Thus, Professor Br Brumfield’ equation is a more 1 


direct solution, In addition, his equations have been extended for uniform 


555 The authors’ concept of “elastic length” is interesting but its practical 

“usefulness is questionable. wa It is evident that the m method hod could have aa 


oar “Many problems ¢ confronting the practicing structural engineer are eadily 


“solved by the e Brumfield method. Some these problems cannot 


Baris any other | method, and it is improbable that the « authors’ method can be ae 


_ extended to be as all-inclusive. If it can be » extended, however, it might wg 


useful if the authors would Bela: how the extension can be accomplished. _ 
‘Fig. 80 shows typical | examples of ‘some of these problems. th each of the 


x this structure is complicated by the e fact t that the deck, the spandrel columns, * 


and the ribs will participate in : supporting the loads and in resisting tempera- 


ture stresses. problem is so complex that, “ordinarily, “bridge designers 


4 will avoid the : analysis by judicious use of expansion joints i in the deck structure. 
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‘The. ‘Brumfield’ method uniquely solves the problems presented. 
universal in its application i in that it develops transmission coefficients for 
curved members, as well as for straight members and for members with variable 
‘moment of inertia. These transmission coefficients take into account the 
actual restraints at the ends of the member. If the connection of a - ‘: 
‘ yields and the amount of yielding is known, it may be incorporated into the 7 : 
a The outstanding feature of all methods of direct moment distribution is 
the moments “flow away” from: the point of origin in one direction— 
Bs never returning to that point except in ‘re-entrant frames. The structural 
— -“keenness” developed by use of direct methods far exceeds that developed by 
methods | employing successive approximation. This in itself is a strong 


At. argument for wide adoption ¢ of direct methods s such as those eae by the fie 
authors and discussed herein. 


and 1422, Figs. 14 and 16 should be 
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PROBLEMS 


By -MONEYMAKER, AND ROBERT S.. ‘Mayo 


2 a problems i in tunneling, as presented in this paper, is interesting and timely. | 
Mr. Wahlstrom at the of the engineer and the 


an 
onditions that may affect tunneling adversely: and suggests ways of 
The writer has made both preliminary geologic studies of many 
miles of tunnels, both within and without the United States. 3 Although ‘no 
; “issue i is taken with either the author’ s statements (under the heading, “The - 
_ Functions of the Geologist”), or the facts hes states regarding rock characters _ 
and rock structures, the paper tends to « convey the idea that the geologist has — 
- more to do with planning a tunnel than i is actually t the case. Generally, he bak 
little to do with determining the ,alinement, and even less to do with determining 
the size of the bore and the shape of its cross section, especially if the tunnel 
is for the diversion of water for power, irrigation, or water supplies. In this 
ease the engineer determines the points to be connected by a tunnel and the 
oes of water to be carried and then calculates the size and the shape of the 
4 cross section of the bore which best meet the requirements. In the case of 
—— and railroad tunnels, the engineer also determines the alinement, the 
size, and the shape of the cross section. — ‘The location of such proposed tunnels — 
ae may be surveyed and staked before the e geologist i is asked to make his studies. — 
oe The geologist may or may ‘not have more to do with the planning of tunnels i in 
3 mining: districts, the are for exploration, development, or 


ENGINEERS 
— 
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>. 
— geologic conditions affect tunneling. The author not only presentsaveryclear, 4, 
yather elementary discussion of the characteristics of the more common rocks 
el 
af 
ot 
| 
———— 
Nots.— This paper by Ernest ahistrom appeared in | yovober, Proceedings. 
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In 1937 the writer was to make a geologic of of the tunnel 
n Puerto Ser the diversion of water from the reser- 


been surveyed. It is 11, 640 ft long and extends in a north-south direction on SA 
across the rugged Cordillera. Central, which forms the insular divide, ‘The ie 

ground: to be be penetrated had not been explored by core. borings, test pits, 

or any other method and, apparently, no funds were available for 
Ss : en As most of the tunnel was to be from 400 ft to 1,200 ft below the — 
| ae surface, sufficient exploration | to o yield detailed information was not feasible. se 
i _ There was a good exposure of bedrock at the intake portal and small ye 
Ne in the beds of two of the several small streams crossed by the tunnel line. 
ie Elsewhere bedrock was concealed by as much as 200 ft of residuum. - ‘The 
- tunnel location was covered by a “dense jungle of tropical vegetation, 
‘except along: the cleared parts of the survey line. Under such conditions: the 
geologist i is at an acute disadvantage. By a very careful study of the stratige 


and the orogenic history of the r region as W w 


} 


acter of the rock with a very high p of en. 
‘aa a natn of ‘the only outcrops on the line revealed the location of afew faults. __ nS 
Although it w as believed that hundreds of faults would be crossed by 
a tunnel, ‘there was no method of See: their location, their magnitude, | 
> or their seriousness as tunnel problems. 
‘The tunnel, a 7-ft horseshoe i in cross section, was driven from the two portals 


and holed- near the midway | point. 4 As predicted, the ‘northern 


| 


Ag 
3 
7 
Oo 


of andesitic types of rock cut by numerous 
intrusions of andesite por phyry. Hundreds of faults were encountered, bu 


of closely fractured rock and resulted ‘in considerable overbreakage. T hese 
structures required timbering construction and lining afterward. 


after considerable delay. Both « copious of water under con 
a siderable head. C One resulted in the caving of the heading and the » partial — oe 
- filling of the bore with 1,000 cu yd of fine | gouge and 500 cu i yd of broken rock. sss 
This fault zone was 152 ft wide and yielded 1,300 gal of water per min. The 
~ other fault also resulted i in the failure of the heading and the partial filling of ; 
se about 40 ft of the bore with broken rock and gouge. _ The fault zone was only Bicy 
ee 21 ft wide and yielded 200 gal of water per min under a head of 160 lb ‘lb per sq in. tes 


— 4 


oO 


The location of the : spillway tunnel at Garzas dam was also examined by 


‘7 ‘the writer before its construction was s undertaken, but after it it was beyond the 


planning stage and’ after it had been surveyed. ‘tunnel, 1,100 ft 

at the outlet portal and near t the intake, but it was s concealed elsewhere by 
thick residuum. ‘The ground to be penetr rated was explored inadequately by 


ill holes. — as as. could be made under | 
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The Apalachia tunnel, constructed by the Tennessee Valley Authority to 
divert water from the Apalachia reservoir to the powerhouse 12. 12.6 miles down-- 
is located on the south side of Hiwassee River in Polk County, Ten-— 
 nessee. Although the terrain to be crossed by 1 this tunnel was thoroughly 
studied geologically and mapped on a seale of 1 in. to 500 ft before the p project 
reached the planning or designing: stage, geologic conditions played little or no 


ie part in its alinement and design. It is 43, 637 ft —- was s driven ai as a bore 
4 ay of circular cross section, from 20 ft to 22 ft i in diameter. — _ It crosses the strike q 


ee of the Great Smoky (Thunderhead), Pigeon, Citico, and Wilhite formations, 
oe which consist of altered fine to coarse clastic sediments. — , The geologic § structure 
x ae. is ; moderately complex and is characterized mainly by folds and thrust faults. 
a a Exposures of bedrock were sufficiently large, numerous, and continuous in the 
4 a _ vicinity of the tunnel alinement to permit : accurate pr ojection to the tunnel grade 
Po. ie of all formation contacts and changes i in . lithology and in the larger structural 
features. Although numerous faults were encountered, no 10 difficulty of a1 any 
kind was experienced i in driving the tunnel. = 
ae ie - ‘Another tunnel constructed by the Tennessee Valley Authority: in the highly 


wa deformed metamorphic rocks of the Southern Applachians i is the Ocoee No. 3° 


tunnel, which diverts water from the Ocoee No. 3 reservoir to the — 


line, all the larger structures and changes i in lithology were 


aecurately to the tunnel grade. Even though the geologic structure was 
characterized by numerous folds, faults, and joints no problems were encoun-_ 
tered. There were | small amount of weathered ‘Tock and a few zones of 


ons presented no diffi- 


a _In all previously mentioned tunnels, , and numerous others. on which 
Bets ae writer has done geologic work, it would not have been feasible to follow some of | on a 
author’s r recommendations. First, the alinements were determined by 
"engineering and other requirements, the direction « of strike and dip on 
Of the strata and foliation changed so many times in each of the tunnels that ee 

e.. would have been impossible to keep the bore advancing normal to such — i 


structures and as stated. (under the heading, “Physical Characteristics of 


solidated Rocks”) “* * so that the layers will dip away f from the headings.’ w 
‘The rocks penetrated by t these tunnels are cut by numerous joints and i in most — z 
cases the most prominent joints are dip joints, which are parallel to the dip yand 
normal: to the strike. _ Where the most prominent joints are dip joints, a tunnel 
Se ny to the layers will be parallel to the joints That no tunnel could be 
driven normal t to two structures which intersect at Tight angles is obvious. 
Furthermore, i in spite of the advantages of altering the cross section of a tunnel, 
as Mr. Wahlstrom suggests (under the heading, “The Tunnel Cross Section”) | 


m0 “in response to changes i in the rocks and rock structures,” ” it would not be 
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"prota = 0 do so in the case of tunnels where hydraulic considerations 


“tri ic projects, such features : as bedding planes, flow I lineation, foliation, joints, and 

‘minor faults are of relatively n minor importance. Large faults and fault zones 
.. of badly weathered and weak rock, swelling ground, large f flows of water under 
o high head, and high temperatures are much more serious. Ina great majority 
x of cases, some of these conditions cannot be accurately predicted, even by 
oa Bal In pointing out the difficulty of locating and designing tunnels so as to | 
P.: take full advantage of geologic conditions, the writer does not question the 
validity | of the author’s conclusions. Rock conditions and rock structures do. 
oe affect tunneling precisely : as he states. s. Although, generally, it is not possible oe 
' a) meet all engineering -and other requirements and at the same time to oo: 
es and design | the tunnel to the best advantage geologically, an experienced tunnel 


can undoubtedly contribute to the 


‘ 


the and phases of tunnels is clearly indicated by 
this. excellent, paper. Professor Wahistrom’ experience has apparently | been 

$ gained i in the deep 1 mines of the west in connection with the driving of haulage _ 

and id drainage tunnels. In this type of work, where tl the tunneling i is generally 


done by company forces, the advice of a trained geologist i in selecting the _— iA 
the safest and most economical tunnel is of utmost 


for. profiting by: advice of the geologist are few. The sonnel 
Toute is fixed in most cases—the 1 railroad e engineer has his portals all staked 
out for him, , regardless of the intervening ground; in the larger cities, the sewer ws 


engineer -Taust run an intercepting tunnel down the center of certain streets 


r from trunk sewers to the sewage treatment plant. ~ Only in the rare case of a wei 

= __ diversion or aqueduct tunnel in an unsettled area can the tunnel be shifted o 
appreciable amount to secure better gre ound By tes 

es This does not mean that the eng engineer ‘cannot use the services of the solo. 
gist. The specifications prepared for the information of bidders would be 
aoe much. greater value if there were a section in which a trained geologist onslyend Ei 
the borings and other available information in order to forecast the types of — 
gre ground to be found, the possibility of encountering faults, and a the rock ~ 
ey will break; but this introduces an objection. _ The engineer has found, by sad = 


experience, that iti is rather expensive to hazard guess” to the contractor as 


“the bidding documents, most engineers ‘specifically state that the findings 
shown in the log ar are not guaranteed and that the contractor must make his own oa 
of the borings. To incorporate in the ‘specifications a geologic 
bis monograph stating what types of ground are likely to be encountered, what — 
might be and what overbreak to a would result 
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the when it wight implicate ex owners in 1 expensive law suits, 


with 
would certainly the engineer to establish the “A” 


and “B” lines of the tunnel more ‘intelligently. ‘These lines govern the thick-— a 


Wie The writer hen stated that, | in the past, the routes of tunnels are selected — 


one by. factors other than geological a ones; but, nevertheless, ‘should the - geologist " 
indicate that extremely bad ground is to be expected, in most cases the engineer | 
would call for a re-examination of the entire project with major relocation o of 


aie 2 | spite of the present legal pitfalls that make it unw ise for the engineer to 


ed add to the bidding specification the opinion te a trained geologist, the geologist 


“Ness of lining, they are established by “rule of 


earlier tunnels, he ea can 1 deduce the type of rock penetrated. 


ir 


trated, and the difficulties (particularly “swelling ground”) to be 


bt mending whether grouting should be ‘specified Land just what quantity of grout — 


-& can be of real help in setting the “A” and “B” ’ lines, i in addition to reco1 


The geologist can be of i immense value on all tunnel projects, not only to 


ae ths engineer, but to the contractor. To the end that every job can benefit 
ae _ from geologic science, it is recommended that, when an organization is not large — 
seu ae enough to warrant a full-time geologist, that a consulting geologist be engaged _ 
on a part-time basis to visit the tunnel at least weekly to report on the ground 4 
and its effect on 1 progress and overbreak. Complete engineering and 
on every tunnel will be of i immense value to the next. generation. 
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IETY OF CIVIL ENGINEERS 


By Ss. ‘LANE, F. F. RENE 
RAYMOND Dawson, A 


in the the writer hen had oceasion, sin since 1987, to work with 
four—the triangle textural ‘classification, the master curve textural classifica- 
tion, the Public Roads Classification, and the Casagrande system. this 
experience the writer can certainly agree with the author’s designation « of soil a 
classification as the most confused chapter in soil mechanics. Although the 
author modestly terms the Casagrande "system as the the Airfield Classification ad 


oe the writer er prefers to designate it as the Casagrande classification, since 


— 


has been widely known as such from its s initial publication in 1942. This 
classification is easily the best. of the aforementioned four systems (in Wes 
orms as described in the seee). for the airport-highway type of work for tp 
the ¢ 
i which it was originally designed. — In its application to dams and levees, it has 
certain limitations which can . be best considered from om relations to the — 


Requirements of a Classi fcation System. — 
sidered are those for a large and widespread ‘organization handling many 4 
ah: 
; projects of all s sizes; for less intensive operations, or for w work concentrated in a 


particular region, simpler requirements might suffice. In this type of work, 
% 
boring logs generally include a classification of the soil into a group or type, M 


BS plus a word description similar to the descriptive classification covered in the — Pie : 


(under the heading, “15. . Descriptive Soil Classification”), 
On a large airport, levee, dam, or canal, involving a hundred or more founda- a 
‘ ‘i explorations, it is generally not feasible to consult the original boring — 
whenever questions a arise, so these are usually filed as reference material. 


Nors.—This by Arthur Casagrande appeared in June, 1947, Proceedings. Discussion on this 
‘Pape r has appeared in Proceedings, as follows: September, 1947, by Ralph E. Fadum; Detenen. 1947, by 

James H. Stratton, \d J. Belcher; and by J. A. and Hilf, ‘and 


Soils Geology Garrison Dist , Corps of Engrs, ‘Dest the Army, Fort Lincoln, 


7 
Bis, 
4 
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e usefulness of a soil iets system comes from its applitation | 
ge graphic abstracts of boring logs, wherein the most pertinent information i is 
abstracted and placed on boring drawings. Henee, for a large project, this 


designed, “except variation the textural system the words 


“some, little, and trace ”” indicate decreasing percentages of size fr actions, and 


For this type of work, the writer feels that a soil classification system should | 


satisfy the followin four requirements: 

Requirement A. —It should describe the soil i in w whieh 


ng to designing engineers, inspectors, ‘and ‘courts 
of law, which last are the recipients of altogether too many disputes, cuca 7 


Requirement B —The shor 
Its should permit a crude estimate of ‘compressibility, and 


shear strength—the three primary properties of a » soil. . When combined with 


ra tion should permit : a rough estimate of soil performance, such as frost suscepti- 


bility, ‘drainage, settlement, slope. stability, wheel load capacity, com- 


pactibility (probable ra of compacted density and normally suitable com- 


a should be capable of subdivision. Soil is so complex that no -classi-- 
cae fication system can replace tests. a Nevertheless, subdivision can often reduce _ 


testing by narrowing the range of properties for soils, at least within a par- 


by subdivision, particularly when the testing program extends over ra length 


time sufficient to accumulate experience from past tests. Furthermore, such 
correlations, even though rough, are often a “must” for rapid handling of om 
Marge number of projects whereas s necessity frequently requires that testing be 


eas Requirement C— —It should be applicable from visual examination—both i ir 
—8sim simplified form and, with experience, ir in a more refined form. | 


1. The simplified form ‘should be ‘suitable for determination 


ticular 1 region. 1. Approximate correlations of soil properties | and performance § 
xperiences with the indicators of a classification system often can be facilitated a i 


q 


— — 
— 
— 
J 
| 
designing, by bidders in estimating, and by.contractors and field inspectors ir 
— ge planning construction. For this purpose, it is essential that the classificatior | | 
system include some type of shorthand notation to convey maximum informa 
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The form should be such that: (a) It can be assigned | by a awell- 


“mented by check tests; or (b) it. can be from taste! in the 
ease of a less experienced classifier. For latter case, and also so that 
est ‘different laboratories will arrive » at the same result, reasonably definite nu- 


Requirement D— 


~ 2. The drafting effort should be minimized in the slits of boring 
drawings, including those suitable for or reduction. These | are of two 


> fs engineers, and which also usually form one group of exhibits i in any court case; 


and (6) study y drawings” (usually foundation profiles) | to serve soils e engineers, 
geologists, and designing engineers in developing t ~ treatment in 


tion to bidders should be basic 
- __ Requirement A, for naming a soil to cover its type and behavior, has been | 


complicated by the practice of | using the soil 1 names, “gravel, ‘sand, ‘silt, 
. day,” to o represent, also, grain-size fractions as arbitrarily delineated by one 

of the grain-size scales in Fig. The» terms, ‘ “gravel, ‘sand, silt, and clay,” 
describe common soil types, and like all natural soils, each i is a com-— 


‘given by Mohr, M. ASCE (23),% and also i in and the terms 

convey about the meaning» to engineers, geologists, and 

ae ‘courts. The general behavior of each of "these four § soil types was fairly uni- 

a formly understood until soil technicians began to confuse themselves and others 

by using the same words for size-fraction names. This practice has degenerated 
ae to the extent that some labor atories assign a name to a soil from the percentages _ 

= of different size fractions, according to certain charts or classification triangles = or: ss 
rh like those i in Fig. 3; sometimes t this i is done as a routine 1 matter from a grain-size 
curve by : a . classifier who never even sees the s: sample. AS 
j ed If the s size-fraction percentages were a reliable measure of soil behavior, this 
practice might be condoned; but such i is far from the case, as the author has 

4 indicated, mentioning the common illustration of "plastic lean. clay 
-cohesionless silt or rock flour of the same gradation. As one example, a. 


Manhattan silt having 20% i in the one e fraction would be designated i in 


2 on later for the owner in ees who relied on n the cohesion of a true lean el = a 
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di im parentheses, thus: (25), refer to corresponding ite 


e gradation, classification of Loess as silt 


fact “(and the consequence) that loess often undergoes a serious rapid 
settlement from collapse of structure-under the influence of seepage, whereas 
“ silt is seldom so affected. Because of the angular: ity « of its coarse par ticles and 
its greater « compactness, ‘gacial till g gener erally has g greater shear strength, lower _ 
to excavation tt ‘than a rounded particle 
ane of equal gradation. These and other misleading | results obtained with 


classifications have convinced the writer of the for require- 


-Casagranc 
‘ge tion has generally been applied i in the form of the ‘group symbols GW to Pt, 


és, + a as shown i in Table 4, Col. 3. = When so so o applied, it is actually a a plasticity | classi 


‘Since: it is based « on shape | of the entire curve 
me sa the textural « classification phase is superior to the t triangle classification, which | 
_ is based on only three points of the gradation curve. The shape and position — 
the entire gradation curve have considerable bearing on important soil 
or properties. _ This | fact is widely recognized and is illustrated by many past 
oe attempts at better definition—such : as the effective size and uniformity coeffi- 


—— presented by Allen Hazen; the mean diameter and grade li line introduced 


oe Frank B. Campbell, M. ASCE (8); and the mean size, fineness. dispersion, 
curve shape proposed by dD. M. Burmister, Assoc. M. ASCE (46)(47). 
at. Hence, although this textural phase of the Casagrande classification is one 
of the best of the systems described in the paper, it is subject to the gener 4 
objections to textural classification when used alone. For example, ‘such 
oo unlike materials as gravel, cohesionless till, talus, and caliche would be classed 
in group GW, and silt and loess i in group ML. _ From the closing paragraphs — 
- of the p paper, iti is apparent that the author is aware of this deficiency (or possible — 
_Tisapplication) of the system and intends that the group symbol should be 4 
supplemented with a soil name. writer is in agreement with this form 
‘the system, as it then meets requirement 
furnishing indicators of soil properties (requirement the writer 
: aialaes the Casagrande classification the best of any yet devised in ‘regard t to a 
compressibility and shear strength of fine-grained soils. However, _its 
formance has been relatively poor in indicating the permeability of coarse- 4 
grained soils. writer has experienced ranges in permeability i in ratios of 
a from 1 to. 10,000 and even from 1 to 100 ,00 Ww shich are considered undesirably % 
wide for a single-class group. (Although n many past attempts have ‘shown un- 


certain relationships between er and results of classification 
d 


testing techniques, considerable data been accum since 1942 
(unpublished) which, it is believed, indicate that such relationships do exist; 

and, of the simpler classification systems available at present, the 
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as well as the range in compacte ensity, which has also been experl- 


; attempts ‘gubdivision, the writer has in com- 
ment that the Casagrande classification is not easily adapted to subdivision. 


In discussing possible ¢ expansion of the system in Section 14 of the paper, the 


author offers a scheme of ‘subdivision, partly by the addition of new groups — 
(GU, SU, KL, ‘KI, and portly by refinement using groups 


rather addition, the letter makes less feasible 


tempts at correlating data gathered prior to expanding a classification system | ‘c 
by addition. The proposed expansion of the Casagrande classification 
3 _ represent a a soil as GFm — Swl. (to give, possibly, an extreme case with the ae 
near the boundary between plastic and nonplastic) would seem to 
indicate (by its complexity) the difficulties of subdivision. 
In respect to ation ison C, for determination examination, 


3 Casagrande cl classification i is one e of the best, and the author’ s methods for field 


e paper are worthy of wide- — 


is desirable limits for the results of usual classification 
without the necessity of transmitting a sample for examination. o - Such limits cae 
are also of considerable value for checking classification of a soil by tests, mo § 


-_ especially i in the case of an inexperienced classifier. For fine- grained soils, the Shae 


A 


Casagrande | classification provides such limits, but | only t to a minor degree for 

a good feature of the ‘Casagrande classification is the use of a simple system at Pat 


a of notation for boring drawings (requirement D), uniess it is complicated . 


the aforementioned scheme of subdivision. Possibly the best of the e simpler 
: eu systems yet devised for 1 registering quickly i in the mind is the system of Tec- | 
ae tangular and diagonal hatching usually applied with \ the t triangle classification 
* in Fig. 3(b), in which heavy sy mbols indicate the predominant fractions, and 
3 fractions (48). ; However, ‘the ‘drafting cost required for suitable reduction i 
eS so much greater for this system of hatching (gener: ally requiring inked tracings) _ wt a 
that it more than offsets the advantage of quick registering. 


QPC Classification.- —These | difficulties experienced in the. 


by the ‘author, have ‘led the writer to seek a combination of the better features 
of several systems. Since 1943, the result has gradually evolved into acom- 
tee bination a of soil names from the descriptive classification; a gradation identifica- a 


tion from the master curve system started on Quabbin Dam in Massachusetts 
ae by Karl R. Kennison and Stanley M. Dore, Members, ASCE (7), and expanded bids. <e 


Frank E. Fahiquist, ASCE, and Waldo I. Kenerson into the Providence 


- classification (8); and the plasticity characteristics of the Casagrande classi- 
i cation. _ The combination, in these three ‘parts, has been tentatively reg 
‘the QPC classification after its sources (Quabbin, Providence, cand 
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Spare i. . Name of Soit of a soil 1 name, generally with 
one modifying sajoctive, selected primarily to describe. soil type and behavior 
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Examples: of Soil Names. —The following are typical examples: of 


Variably graded ion of pebbles and sand, 
including some silt and clay. Coarser articles, from 6 in. in. ; 
4 


> 


to $i in. at least partly rounded from uvial a action. 


‘ Uniformly graded, bulk of material smaller than } in., indi- 
vidual particles readily to the naked 


oad Fine grained, lacking - plasticity, little or no ¢ cohesion when | 
dried, majority of individual grains not visible to the naked — 
eye. Shaking test shows quick or or “livery” condition. -_ 


‘Fine grained, plastic, and cohesive, strong when ¢ dried. 
7 
Variably graded, ‘unsorted glacial deposit, ‘characterized by 
aM angularity of coarser fragments, generally very compact. — 
i Indicate whether cohesive or cohesionless (dependent or on | 


thin beds of clay and silt, interstratified, cla 


Sahin. ye __- Highly plastic clay, extremely sticky when wet, often | a 


alus Variabl sized an, rock fra ents, fallen to base of 
alus y g gm: 


— 


Rock Structure preserved i in . place, ‘on disintegrated 


Coral San 


Groun 
unde 


Buckshot Clay Compact: clay, persistently into niformly small 
Wiens’ sized fragments (localized term), 


_ Weathered surface soil containing organic matter, usually 
supporting vegetation. Termed loam in some regions. 


of Stratum Where Grain-Size Number Not Applicsble— 


Diatomaceous 
a Earth 


Partly carbonized matter, and fibrous. 


man-made deposit. D Describe constituents, as cinder fill, 
es rubbish fill, sawdust, ashes, cans, bricks, broken concrete, 
and so on. ~Grain-size number used only when soila | 
major constituent, or when knowledge of 

: desirable, as with slag, cinders, or earth fill. ae 
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those given by H. A. Mohr (23). 


ae 


of Modifying Adjectives. frequently on ‘graphic at 


Bentonitic 
Me N | «4 


Cemented 


an 


_ Gener: ally not more . than one adjective i is used to supplement the soil name ~ 
on 1 gt raphic abstract logs and it is omitted | when not particularly significant. 

The system is flexible in allowing for the addition of terms of particular — 7 
~ regional significance and certain geologic terms well characterizing 5 Soil behavior. = 
Devices for - obtaining : a soil n name, such as a classification triangle, have been | 
_ purposely | omitted in order to avoid classification by rote, , and its resultant mis- 


information, For selection of of 


. 


add a remarks the. foregoing definitions cover similar to. 


- 


Sieve Opening in Inches Inch wn 
8 10 1420 283548 190 200 


Grain Size in Millimeters 


- OS “Ge 0.02 7006 01002 0.0006 


Frac 

Class 

8.—Liars or Grarn-Sizp NumsBer 


Part 2A. Grain-Size N umber. —Part 2A consists of & grain-size number 

representing ‘position and shape of the entire gradation curve. ‘Thirteen 

‘ - Classes a are Teeognized as defined by the master curve bands in Fig. 8. Even eat ‘ 
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aha When a word description is advisable for those siiiianiiiieas to thinking 7 


n‘ terms of gradation curves, the thirteen basic classes are defined as follows: ] 


o 


1 Graded f from. gravel { to coarse sand sizes with little | sand. 


“= ae % Coarse to medium sand sizes with little gravel and fine sand. ee 
Graded from gravel to medium sand sizes with little fine sand. 
ih ©: 4 _ Medium to fine sand sizes with little coarse sand and coarse silt. <hr 
_ Graded from gravel to fine-sand sizes with little coarse silt. | 
en Sere ae - Fine sand to coarse silt sizes with little medium sand and medium silt. 
7 Graded from gravel to coarse silt sizes with little medium silt. 
Coarse to medium silt sizes with little fine sand and fine silt. 
Graded from gravel or coarse sand to medium silt sizes with little fine silt.” 
Medium to fine silt sizes with little coarse siltand clay, 
Graded from gravel or coarse sand to fine silt sizes with little clay. | 
ey ae. Fine silt to clay sizes with little medium silt and fine clay. _ apie 
4 


‘ 

com from coarse sand to sizes with little fine 


— A much better ‘system would be the eventual - 
terms for the size fractions which would not conflict w ith “gravel,” “sand, a 


2 

Po and ‘ ‘clay,” as soil | types. ; Names from a dead language such as Latin, 
ho or the: use » of Greek letters might be acceptable, or possibly terms such a as 


‘coarse,” “fines,” ~“superfines,” ” and | “colloida.” However, any possible terms 


a ‘would consideration for correlation other than 


terials graded : ac- 


parent: celluloid reproduction of Fig. 8, placed over the curve in 
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letter “ “4v,” “7/9 v, and soon, 


eubdivision | is accomplished by double class numbers to represent 


Nx ies soils grading | from one band to another as illustrated in Fig. 8, 8, thus: ‘ “8/6.” 
Rees ay A higher n number over a lower number indicates a more uniform gradation (oo 


a ~ class 8/6) and a lower over a higher number a more variable gradation (as. class 


than that of the standard band (as class 6). In forming double class 
as oa —— even and odd numbers are never combined. d. Double class numbers 


recognized for a spread of two bands, which i is quite common, and is as 


Basie variable mdation 
ee ally variab able gradatio gradation 


With this primary subdivision, the thirteen classes-are expanded to 
_ thirty-five grain-size number classes which have been found to cover most needs e 
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‘Rare cases of extremely variable soils grading over a wide range can be handled — 
_ by re recognizing a spread of three bands from lower to higher odd ‘numbers: 3/7, > 
7/11, and soon. However, it is not advisable to reverse this by ‘recogniz» 
 inga ‘eprend i in odd numbers of three bands from higher to lower numbers, since : 
thd the result i is one of the uniform basic classes. as Thus gradations would not be J oe 
designated as 7/3 or 11/7; rather these would. be “noted as classes 2 and 4, 


further refinement is desired, it 1 may be accomplished by a secondary 
subdivision to recognize border classes, although the writer has seldom con- 
_ sidered this necessary. A border gradation may be defined as one e lying near 
| the boundary of two of the adjacent master bands in Fig. 8. Such a a 
represented as class 4-6 to indicate gradation near the boundary between 
classes 4 and Other than for attempting close refinement, border classes 
_ allow for cases of uncertainty i in visual classification, asclass4-6v. 


TABLE 6 6. 6.—Puasticiry- CHARACTERISTICS SYMBOLS FoR Fine- -GRAINED 
_ Sorts WITH on No Coarse AGGREGATE 


plasticity CHART 4 


Cc _ Behavior characteristics of lean 
-O- Organic content causing plasticity 


= slight plasticity 


M _ Behavior characteristics of quite plasti 
ae silts, such as micaceous, diatomaceou: 
or elastic silts 
5 Brae characteristics of fat clay 
Organic content causing high plasticity, 


such cases of uncertainty, the last number, as “6 v,’ ” is chosen as the 
more probable one. 7 Then, for simplicity, combined class. numbers (whether ae 


: 4/ 6, 8/6, or 4-6) | can always be considered from the, standpoint that the me : . 
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LANE ON SOILS CLASSIFICATION Discussions: 


because it indicates the range of finer sizes. ‘Hence, the thirteen basic 

ances are the to be fixed in the mind. Once these are understood, 
ombined class numbers are easily visualized as 

. sa Part 2B. Plasticity Characteristics.—This phase consists of plasticity char- 

7 acteristics symbols taken from the Casagrande system and, likewi ise, applicable | ; 
only to fine-grained soils with little or no coarse aggregate. The proper symbol — 


determined visually as described the author; or, where 


Table 6 this chart has been redrawn to follow the of dividing 
L-group a at a liquid limit of 35. the writer to retain the 


al 


and examination of areer Png characteristics as the author describes ie the 
heading, ‘ “13. Field Identification of Fine-Grained Soils”). aboratory tests 

are e employed only when the classifier feels uncertain, or for purposes of check- 7 

ing, or for training a an inexperienged classifier. 
s Boring logs include soil name, grain- -size number. and, for a fine-grained soil, ; 

q the plasticity-characteristics symbol. Also | included is a complete description 
a covering color, particle angularity, consistency, Plasticity, ‘and dry strength. 4 


a Such description is similar to that in Section 15 of the paper, except that, : 


considering the legal viewpoint, the writer prefers. to ayoid interpretation by 
using adjectives describing compactness. Instead, it is s preferred to give basic 
_ data without interpretation wherever such _ basic data are available, as blows | 
per foot: required to drive the sampling spoon (sizes of spoon 1 and hammer, and 
height of fall being indicated). = 
contract abstracts of logs include the symbols afore 


ment C) includes soil names plus» the thirteen basic grain-size » number classe es 
a with only limited use of border classes. The refined form includes soil nam es oe 
id plus grain- size numbers from the thirteen basic classes and from the — ee. 

subdivision if. applicable, plus” plasticity-characteristics symbols. 
Summary. —In addition to reasonably satisfying requirements A to D, the ti 
ee = a features of the QPC system have been demonstrated to be sound from consider. - os ¢ 
experience with many types of work—airports, highways, dams, levees, 
a and foundations. The use of soil names in Part 1 of this classification follows 
oldest system—the descriptive classification. The grain-size “numbers 
(Part 2A) have been used since 1937 with soils from New England to the e Gulf . Nee 
Coast, ‘and have been recommended by Joel D. Justin, M. ASCE (49), as well ‘a gr 
x a8 by others who have given this s system a serious trial. Asa part of the Casa- es -4 
4 grande s system, the plasticity-characteristics ‘symbols (Part 2B) have been used 4 


a intensively i in airport construction sin since 1942, and are based on data a collected ~ 
the author over longer period. Taken together, phases 
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tion, Atterberg limits, and organic content. For judging the major soil proper- 

these three classification tests are ¢ considered the best currently available 


when used in conjunction » . with information on the grain shape and mineral. a 
composition. © . Although additional symbols could be added to cover the he last 
‘two factors , the writer feels that this « can be handled adequately by proper _ 


The author-i is to be waieiaiaias for the excellence of his critical review — at 
:. of the various classification systems, and for devising a classification which i is 
a decided improvement over prior systems. If, from his efforts and those of 


_ others, the profession n eventually succeeds in evolving a a truly adequate system > 


of s¢ soil oil classification, that would, indeed, be a forward step, cet 


» 


GrorcE F. JUN. ASCE —The purpose of a a classification is to 


. 


a treated as a ‘group. . Those characteristics of immediate interest 
mine t the grouping and the boundaries of the groups. The Airfield — : 
cation (AC) System classifies soils by solid ingredients. — Soils whose grains are 
coarser than 0.1 mm are classified by grain size and grain-size ‘distribution; — 
soils finer than 0. 1. mm are classified by the liquid limit and plastic index. — These 
properties serve as guides to the capabilities of soil an airfield 
_ subgrade, but they may be misleading i in other r applications, as implied by the. 
_ Two properties closely linked with the performance of the soil as a founda- 
are not considered i in the AC system. These are the water c: con- 
tent and the consistency. soft clay of low “plasticity” may be a worse foun 
See material than a hard, dried-out clay of high “plasticity.” A highly aS 4 3 
plastic clay i is not highly compressible unless it has a high water content. AL 
though the author stresses this fact when he ‘States that compressibility must 
be compared at the same preconsolidation loads, further qualification should — es 
+ be made. Compressibility i is dependent on water content; to ignore this in 
classification may lead to trouble. The 1 meaning of the terms plasticity and 
, ~ consistency are often confused, and the inclusion of the one factor and the - Pi 
clusion of the other in the AC system might make the situation’ worse. To ame 
8 soils engineer, plasticity refers to the range in water content through which _ 
the: soil is in a plastic state. However, many engineers and especially con- — 
tractors and drillers use “plastic clay” to mean just what the name implies— at 
clay in a soft or plastic state. To the man who has to dig the soil, or to to build 
on it, the important point is the consistency of the | soil, or its ‘water @ content 
3 with regard to its plastic ‘Tange. Ignoring these points m may be ‘dangerous, — 
especially in the light of the confused terminology. 


The greatest difficulty with all classifications is the | fact that the soils 


example, a varved clay consisting of alternate layers of silt and clay prob- 
2 ably would be tested in the laboratory as a mixture of both. The classification _ ee 


given only secondary consideration, ieee it is often extremely important. 
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tests 1 might reveal a 


sandy or silty clay (perhaps cL) oan the actual de- 
may exhibit entirely different characteristics. Glacial deposits with 
erratic inclusions of clay, silt, and gravel defy simple classification; their vari- 

i _ ations in structure are far more important that the characteristics of | — = 
Loess soils, which cover large areas in the Mississippi Valley, are as 
concrete in their dry state, but are soft when saturated. These cannot 
adequately fit into any system of classification that depends on- the index tests _ 
& Be of soil solids in a disturbed condition. _ The same holds true for or cemented soils, 

~ such : as the red sands of the south and southwest. The « density of natural © 
sand deposits may be more important than the size or size distribution — 

of the g grains, and the presence of water only complicates the possibilities. “ 
a a discussion of the uses and of the limitations of soil cl classification n systems : 
by the ‘author. in the “Introduction” is a sensible approach to this problem. 
i ae In order to reduce the soil groups to a finite number, many important charac- 
must be ignored. Special classifications, such as the AC system 
applied to airfields, serve an important purpose, but their limitations should 


ee be clearly understood. _ Too often a classification such as this, coupled with | 


bey ae such tabulations as Table 4, give some technicians a false sense of security. a - 
r. ie ate descriptive system i in Section 15 has none of these defects because the | 


descriptive terms tan be modified to suit conditions at hand. | greatest, 
me difficulty: with such a classification is a lack of standard terminology. This — 


+ wh obstacle need not be condemnatory, for it has been encountered in other fields, 
_ such as meteorology and mineralogy. In Section 15, various degrees of each 


- characteristic i in the list of descriptive adjectives (as applied to soils, coverins g 
: such points as. consistency, plasticity, and gradation) could be indicated by 
5 _ numbers, similar to Moh’s scale of ‘mineral hardness, or to Beaufort’s scale of 


winds. . The degrees should be few so as to be distinguishable through the field 
i tests and 1 through the hand identification methods described in the paper, and = 


they should be standardized by appropriate laboratory “a CCC ill 


2a _ The author’ 8 8 plasticity chart (Fig. 4) would | be well suited to Cenderdising — 


= 


- sistency could be defined by the unconfined compressive strength as satintel 
_ by K. Terzaghi, M. ASCE. - On the other hand, engineers a are at such great i 
odds as to the r meaning of “silt”? and “clay’’ that it probably will be better to 
uge these terms only i in a qualitative 


In the application. of the descriptive 1 method, both the trained soils bideidsialet “h 


ae nd the design engineer will have a better picture of the important character- 
stics of the soil, -unhampered by insertion into limited pigeonholes. Pro- 
fessor Casagrande points out in the “Tntroduction,’ “a “Those who really under 
stand soils can, and do, soil mechanics any 

René Monatss, u Esq. —The of soil as 
‘stated by the author, is the most confused chapter i in the study of soil me-— 
_ Most believe that t any soils classification can be 
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two ‘most of compaction can n be found. 
the load applied to it. 


a a knowledge of these properties i is important, but one e must also saci the 


= 
a ‘aa with the physical properties si 80 so that, by using the identification tests, 


tests 3 and ‘their performance a are established, the soils can be classified as types. i 


finished works can be obtained only after long periods of time. _ After the a. 


which isaf function of the e resistance of a a soil to consolidation. There- 
fore, it is necessary, and “most important, to include the consolidation test in 
the research program. . ‘The granulometric t test is also > important, and i it must 
be taken into account as well as a measure of the structure as an index type. 
‘The disintegration of i igneous rocks will be more or the in an advanced ache 


Ea sented by a straight line. 
classification been used 
classify fo for soils for high- 
ways. One of the ‘Uuneertain- aN an 
ties of this system i isin group 


12 


since silty clays: and silty ! 100 
30 40 50 70 60 90 “100 
 loams, with 1 little cohesion 


and low capillarity, are 


s in the elimination of =. Fro. Swine 


the material retained in the 


exclusion of the physical determinations of the state of compaction of the soil. 
EP author reviews many systems of soils classification with great “success. 


The trilinear graphs in Fig. 3 find an interesting comparison in ‘ee textural a 


classification of Swiss 3 engineers (50), as illustrated by Fig. 


‘The research required to’ correlate the tests with the performance of the 


pletion of of a project the tests c can be correlated with experience only by« ee a 
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; 
ate may be determ ie 
y ined by the granulometric curve, which 
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&g ‘Thela latest of the classification, presented for the Highway 


highway engineers. This eliminates overlapping, subdivides ‘several 


a of the previous system has been eliminated by inserting other 
7.—ComParison: PR AND MopiFir p PR CLASSIF 


= 
M-56-1676 
C-102-560 
H-22-908 
H-22-919 
-1236 
5-1319 
V-70-1401 
5 
P-14-1465 
M-56-1654_ 
H-41-1223 


P-4-806 
 §-105-489 


A-1-a (0.2) 
A-4 (0.9) 
A-4 (4.3) 
A-2-4 (0.0) 
A-6 (0.0) 
(0.0) 
A-2-4 (0.4) 
A-1-a (0.0 
A-4 (1.0). 

A-4 (0.8) 
(0.6) 
0) 
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M-59-949 
§-108-1051. 
H-22-634 
H-22-636 
H-22-748 
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C-102-845 
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Ys uc Research Board to its Committee on Classification of Materials f for Subgrades © 7 
and Granular Type Road (61), is probably. the best tool yet devised for the 


this new classification the silty clay (group A-4 4 in the previous: 
f system) has been made A-6, limiting group A-4 to silty materials. The ‘inde- 
wi 


> 
ie 
1] 
— 
<a 
| 
— | 
I 
(0.3) 
- 
(11.0) 
8.8) 
5.7) 
—— 
tioning the Cali orn Wali for a defini 
without way to determine the soil he more a 
project and. with the help o . de by the writer § 
project and, wit of some soils tests, made by the writer 
method. Table 7 is an example of artment in Havana, Cuba, 4 


) a ev very investigator wished to ) insure his name for posterity by attaching it toa 

“classification triangle. Actually, these men were attempting to > determine 
all the soils’ characteristics from the classification triangle, and this was im- 
+. possible. — Instead of seeking new infor mation they continued | to juggle © 


= Ww hich have been ‘classified under the PR and the modified PR classification * 
for comparison and also to show the ‘ “group index.” 
eonelusion the writer wishes to congratulate Professor Casagrande 


: his clear - presentation of this soil classification, a a that is is sorely in | need 


 RayMonp F. Dawson,” M. ASCE.— A stimulating review of the various 


classification systems: ave been used is in 


system for r all types. npr or later this practice will 


7 A review of the soil investigations published s since 1917 reveals an amazing — 


mu of classification triangles that have been ‘proposed. It appears | that 


» 


charts, looking for a combination that would be the panacea. 
Not until the Atterberg limits were included in the criteria was any real — 
"progress mac made i in the classification of soils. for engineering purposes. . One of the ss 
‘first schemes u using the. Atterberg limits was the Public Road (PR) oe. 
system, , of which the author correctly ‘states (in ‘Section 6) “This classifi- 
therefore, i is essentially a grouping applicable to the use of in a road 


surface or as base beneath a ‘thin: bituminous wearing, surface.” _ Regardless 


waa the writer’ s attention to a paper deseribing a construction method using» 
an A-7 soil i in a northern state. He said, ‘ ‘They cannot use that procedure 
with a an A-7 soil; I know, because we tried it. Thereupon he visited the pro- | 
ject and found that they were using the method as described. _ The soil in the 
northern ‘state had la liquid limit of 42 / and a plasticity index of 25, whereas 


the Texas soil had a a liquid limit of 86 and a plasticity index of 50. Both so soils 
were: classified as A- ad by the e PR system; however entirely 


+4 


ate The ACs sy ystem will undoubtedly be the standard of ‘came 
Another subgrade classification system (61) uses the group index which 
utilizes both the grading and the Atterberg | limits of the soil. — To the writer, a 
.. the group index appears to offer a a valuable classification system, although he © 
is of the opinion | that modifications of the limit ranges may | be necessary. e3 3 


-_ will be interesting to have the author’s discussion of the | group index system, 


Associate Prof., Civ. Eng.; Associate Director, Bureau of Eng. Research, The Univ. of Texas, Austin, { 
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AEA 
_ proved that the liquid limit is a good measure of relative compressibility 


aii Vy. 


It is of considerable importance, and further discussion of ie statement is 


Engineers must be cautious, or they may be misled by local terminology 
in describing soil formations, In the Texas gulf coast area, old-time drilling 
Ca call the first clay stratum beneath a sand stratum a “shale”’ ” regardless ; 
ia of how soft it may be. ‘Under such conditions the engineer W who is. unfamiliar 
with these colloquialisms a and who does 1 not: examine the cores ‘may n not be aware 


View 
D.F. ‘Giynn,” 3 Jun. ASCE = a soils classification provides a uniform 


"standard of nomenclature for field identification and for ‘condensing er engineering : 


most disturbing. Thus, immediate considerations arising from it concern: 
‘What order could be produced i in the existing position?” and ‘ “which of the 


7 


= ae comprehensive standard classification system would have to meet the = 


eae ‘needs of agricultural scientists ‘and geologists in addition to civil engineers. 
Any single system, sufficiently comprehensive to cover al all I these different in- 
terests, would probably be too ‘complex for. convenient use. An alternative 
—_ be the adoption of a multistage sy stem, , the first stage being a simplified ; 


for each profession. “It these were kept : as logical sy stems they would 
form uniform standards and sections with interests, to for 


q 
1 use and to formulating a standard engineering classification. 
For a uniform. system of of field identification, a a modified descriptive soil 
a classification would ‘seem very attractive. As a result of wartime cooperation | 


4 engineers, geologists, and agricultural scientists in the Southwest Pacific — 


a" = gine such a system has already been | widely | adopted i in Australia. | This 


system han standardized soil ter minology to avoid the disadvantage 
referred to by. Professor Casagrande. It is essentially a field identification — 
system, however, and ultimate test of the description of soil is the 


majority verdict, of the experienced field | surveyors. In order to keep such 


_ opinions up to date and uniform, ‘perio erences are.held, to which all | 


nterested persons are Thus, the formal descriptive standards: for 


wae 


An alternative to this simple descriptive standard would i be the field identi- _ 
fiediens system | based on the Airfield Classification n (AC) System. . Iti is difficult — a 
for anyone who has not served an n apprenticeship \ with this system to assess its 


aN 8 ‘Superv. Engr., ‘Soils at and Hy dr. Testing, Melbourne an and Met. Board of ¥ WwW Vorks, Melbourne, e, Australis. . 
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from Professor Casagrande’s description that agricultural scientists and geolo- 
already have functional classifications that mect their re | 
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value in practice. Nevertheless, it would seem ‘complex and less flexible 


than the simpler descriptive type of classification. As such, it would probably 
a a be much harder t to reach an international agreement on the basis of this mete a 


: a than with the more widely accepted descriptive classification. 
a Asa functional engineering classification, the Texas : and Civil Aeronautics 
‘ 


Administration (CAA) systems would appear too limited in their 


The Public Roads (PR) system is widely used highway engineers, but in 
- Greet Professor Casagrande’s criticism as to the difficulty in keeping © 


abreast of the latest ‘ “edition,” its basic structure i is too closely = to highway 
requirements to be a good general system. 

its first appearance i in 1 Australia i in 1943 the system been 


w adopted of all these reasons the most recent revision 
the discussion on the soils of the various groups are extremely. welcome. 
_ impresses one as being simple and easily understood and as following logically 4 a 
from the simpler field description. The principal objection n offered i in Australia phe 
been due to the lack of definition i in the group boundaries. Itis suggested, 
how ever, that this may be a distinct advantage i in that it prevents indiscriminate _ ‘ 
use by | people who have no knowledge ‘of the significance of soil test results. = 


If the AC system could be accepted as the basic classification to be used Pir. 


for samples, selected from the results of <P descriptive field mapping, it i is Be a 


special applications. The general system, summarized i in. Fig. 4, ould Id appear 


Sé 


Another feature referred to by Professor Casagrande, — grain- size scale, 


. At At a conference of regional officers of the Division of Soils, Council for Scientific 7 {4 k 


and Industrial Resear ch, at Adelaide, Australia, in September, 1946, the sand- Fae “ ax 
silt size ze boundary ¢ of 0. discussed (52), in the light of the proposal by 


a 7 _R. Glossop and A. W. Skempton (5). Although no change was recommended, re of 
i a ‘iti is believed that change to 0.05 mm or 0.06 mm would be readily accepted if cs De 


sufficiently valid | reasons could be offered. | On other hand, it is understood a a 

na that the United States. Department of Agr iculture is by n no means irrevocably _ 2 es 
committed to 0.05 mm. The time would thus ‘seem ripe for discussion to_ 
Inv view of the proposed international soil conference in Holland, Professor 
- Casagr ande’s able summary of the present soils classifications is most timely. * : 
It is to be hoped that this favorable opportunity for using Profence Gases, 
grande’ s wide experience in soils mechanics, soils” classification, and inter- 
cooperation with engineers will not be allowed to pass. 


In conclusion, it is desired to thank Professor Casagrande for the compre- 


hensive review of the present state of soils classification and ny, 
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a f (5) ‘‘Particle- Size in Silts 2 and Sands,” by R. ‘Gene and A. W. Sk 

Journal, Inst. C. E. (Great ; Britain), December, p. 
a (7) “Permeability Determination, Quabbin Dam,” y Stanley M. Dore, | 


Transactions, ASCE, Vol. 102, 1937, p. 682. 


(8) Discussion of the paper, ‘ “Graphical Representation of of ‘the | Mechanical 


Analyses of Soils,” by Frank B. ‘Campbell, ‘ibid., , Vol. 104, 1939, p. 169. 
Pe a (23) “Exploration of Soil Conditions an and § Sampling Operations, ” by H. A. . Mohr, 
Publication No. 876, ‘Graduate School of Eng., Harvard “Univ, » Cam-— 
bridge, Mass., , 3d Ed. , November, 1943, pp. 9-12, 
“Classification System for Composite Soils,” by D. Burmister, Bn. 
gineering | News-Record, July 31, 1941, p. 61. 
4 . a (47) ‘“Peactica Methods for the Classification of Soils,” by D. M. Bu Burmister, 
Lafayette, Ind., July, 1940,p.129 


(48) “Soil Investigations,” Eng. Manual for Civil “il Works Exhibit 4, Pte VI, 


ae. a Office of the Chf. of Engrs., Dept. of the Army, y, Washington, D. C., - 
(49) “Engineering For Dams,” by by W. Creager, J.D. Justin, and J. Hinds, 

-—-—-- John Wiley & Sons, Inc., New York, N. Y., Vol. III, 1945, p.. 625. 
Méchanique,’ by H. Geesner, Dunod, Paris, 1936, Pp. 82 
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by T. J. Marshall, Bulletin No. "#84, Council for Scientific 
an and Industrial Research, Commonwealth of Australia, Melbourne, — 


Correction for Transactions.—In October, 1947, Proceedings, ‘page 13 1311, 
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7, change “rock flower’ to “rock flour.” 
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| THE GENERAL PRINCIPLES (OF HIGHWAY 


Discussion 
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Cart’ Mar ER,!? M. ASCE— —Because lead a suggestion for.a new 
a method of transition curve design, Mr. Leeming’s experiments appear to thro wo 
a perplexing problem. The author’s statement (under the 
heading, “ ‘9. Conclusion ,”’) that “The whole argument of this paper ee: 
to practice” should, in itself, be enough to stimulate discussion. 
However, the phrase ‘ “established practice” may be misleading; considering all 
oe interrelated factors, s, there is , hardly : any established practice, at least in a 


Ps 
‘United States. fact may be be noted examining the recommendations of 


state highway in the United States, Ww herein marked 

_ will be found in the length of transition and in the -superelevation | rate for 

identical conditions of radius and ¢ design n speed. 1 


: is true, however, that most attempts at rationalizing this problem have: 


- evidence exists as to whether C rear be 1, 2, or some other value. _ Therein ty 
q 


lies an important reason for the great in transition lengths that are 


_ The principal objection which the author has: to the previous | theory (see 


“Synopsis”), i is its ‘ “disregard of t the superelevation.” Mention i is made (under 
the heading, “ 3. The Rate of Turning the Steering Wheel”), for example, of F.G. nF 


contains fun ndamental fallacy using. C and the centrifugal 
ratio, i ignoring the superelevation. The theory gives the same length for 


- Although there may be a fallacy, it should be emphasized that i in the pica 
theory superelevation i is not completely ignored or disregarded. Present prac- 


hs. 


.—This paper by John Joseph Leeming was published i in n October, 1947, Proceedings. es. 
12 ‘Prof. of Civ. Eng., Worcester Polytechnic Inst., Worcester, Mass. 
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“MEYER _ON ‘TRANSITION CURVE 


tice bases 3 superelevation | on R, according to some variable allowance for side 


7 oer friction and up tos some practicable maximum. . The length of transition i is s then 


‘ 

> 


ts C giving L= 165 Thus, / Lis dependent on the 


“superelevation, although possibly not: i in accordance with correct dynamic 


sae ‘There i is little doubt that the crux of the problem lies 1 in conclusive answers 


“tot the two questions posed by the author i in Section is to be commended 


his i ingenious s efforts to answer them. After studying Mr. Leeming’ ‘paper, 
describing his experiments and the: resultant conclusions, the writer suggests 


ae that a answers to the following might aid i in for ming a better under standing of 


experimental procedure in the validity of the conclusions: 


the acce acceleron 


groups of of ‘comfort: experienced by the It would interesting 
compare values of j with the side friction found by R. A. “Moy er, 


(3) Were the comfort | sensations those of same observer, or 
different p pairs of individuals used? 


Z ‘oe (4) Did the test curves traversed include those with transitions as as well § as. 
without; and, if: this difference affect the results? 


® If, as stated (un er the heading, “5: ‘Experimental 


ee attempt was oie to 0 separate the sensations due to the force or to 


its rate of change,’ ’ how was it possible to arrive at the conclusion (under the 


reading, “6. Conclusions from the Experiments”) that (4) As far as comfort. 
_ is concerned, j is the i important effect; and Q is unimportant?” om 


a The author was frank in mentioning the limited scope of his experiments - 
mposed by wartime Testrictions: on speeds. ‘The availability of only one 
American car was unfortunate, notw ithstanding the author’s finding | that t the 
type and the weight of vehicle seemed to have little effect on the results. — 

The finding (under the heading, ‘ Experimental Procedure’ stating, 
“Another fairly marked tendency-v ‘was for the driver to use a definite ) proportion 


| 


au pon values | of p, and especially devastating to the all-transitional curve lavor ed 


by some engineers. Assuming that these and later extensive experiments 


justify” the author’s conclusions, the practical application still remains to be 


In doing this the author seems to favor the rule” 
» 
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"Printing Office, Washington, D. tomobile Tires on Roadway Towa, 1934. 
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” A. Moyer, ion Design,”’ by Josep 
by R. A. iction Factors and Superelevation D. C., Vol. 16,1936. = 
“Safe Side Friction Fac ch Council, Washington, D. C., Vol. 
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(Section 8), but only “for the moment.” Is. his re reticence due to the 
ae feeling that something better will be found, | or is he doubtful as to the peepee ans 


Although | the pr proportion rule apply, a ‘moderate variation in 
proportion © of transition results in a rather large change i in transition length. = 
oy or instance, in ‘the « example worked by the author in Section 8, using p = .= 1 ; 
the resulting values of R and L were about 2,570 ft and 494 ft, respectively, “a : 
A similar computation with all data unchanged except p = } will give approxi- 
e values for R and L of 2,670 ft and 350 ft. The of curve remains 
about the same, but the transition length is reduced about 30%. As the suthor 
noted (under the heading, “ “8. Alternative Method of of Transition | Curve Design”), 
“The exact length of the transition is not, howe ever, a matter of extreme ime 
portance *.” Apparently flexibility in the matter of transition length is 
“obtained i in the proportion rule method by varying the value of p. 
Le In the practical application of the p proportion rule, the values of R and L i 4 ; 
found by using a particular value of would be slightly altered for convenience 
in staking (at.least by) most engineers } in the United States). In the example — i. 
given in Section 8, for instance, the ‘computed values were R= = 2 070.93 
(or D = 2°13’ +) and L = 493.58 ft. Probably 500-ft spirals j joining a2°10’ 
or 2°15’ curve would be used. > Of course, E would not then be exactly 55 ft a 
but a rigid requirement per mitting no deviation from a fixed £ is rarely met. | eee aa 
_ The tables of spiral functions (Table 1), for which the equations use the a ant 
radius as parameter, are very useful for the special cases involving : amaximum 
value of or Since these situations happen frequently, it is to be hoped 


engineers will not reject the solely because of the 


issued _by the American Railway Engineerin Association (AREA). This 


omission Lis 1 not a a stumbling block, for the. usual AREA ten-chord tables and 


7 formulas may may be used with only slight added effort. A quick slide rule solution “4 
of the example in Section 8 demonstrates this 


First, solve Eq. 8e for ¢ = 5.7° and round off to 5°30’ as in the ¢ given ex- a 
(1 Incidentally, it should — realised that Eqs. 8c and 8e apply also to 
the AREA spiral, and 1 may be derived by usi using the basic relation = 


ample. 


Then, in the AREA | formula— 

_—there are two unknowns and 0); but since the length | o is 
_ comparison with R it ‘may be neglected temporarily y and R solved for (approxi- aes om 
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giving R = 2,555 ft. Then D = 2°14’ (or 2°15’). Finally, L 
ae i = 492 ft. In practice this. would probably | be rounded » to 50 500° ft, using ten 
aie Despite the author’s objections to the current theory, cer -— of the methods 


that contain the several objections he has | raised give results surprisingly close 
he. re. the method he now proposes, as may be illustrated by simple computations — 
ie using the Barnett tables. 8 In the Barnett method full superelevation is com- 
i ep Z puted for 75% of the design speed | up to a maximum rate of 0.10 ft heer ft. The | 


length of transition approximates that obtained from— 


which is by using C = The Barnett tables are built-for values of 


fj gs degree of curve varying by 30! o1 or 1° increments, and t transition lengths var ying 
a by 50-ft or 100-ft increments. In. Table 3 several ‘combinations of D and L 
TABLE 3 TRANSITIONS For | conditions of the. author’s 


EXAMPLE SECTION ample, namely, design speed = = 

miles per hr, = 22° 38’, 

|e |e | sand = 55 ft (approximately). 

900’ | 300 | 723.6} 48.2 | 3.0 | 0.42 | 0.084 0.065 Values of D, L, T, and E were 
| 850 | 748.7| 58.6 | 3.5 | 0.47 | 0.084 | 0.065 “obtained uickl te > 
2830" | 400 659.2 48.4 0.61 0.10 0.086 qu ple 

2°80’ | 500 | 709.5} 51.1 71 | 0.1 0 

600 759.8 | 52.1 | 7.5 | 0.80 | 0.10 terpolation from the “Barnett 

(superelevation rate), and j have 


- been computed for comparison with the author’s values in Section 8. It will 


ass be observed that the combinations’ using 350-ft and 500-ft transitions compare 


with the values obtained by the ‘ ‘propor ‘tion rule” using and. 


a. a & respectively. *. The largest difference seems to be in the matter r of super- 
= elevation rate, the values of which could be scaled downward toward the au- 
thor’ recommendations (with consequent increase in in j) without the 


of the other quantities in Table 3. 
a 8 It was not the writer’s intention to show the preceding comparison for the: - 
 *&ee of discounting the author’s alternative method « of transition design. - 

On the contrary, it is felt that the author has made a genuine contribution to 


this interesting problem. As for the proposed method | (under the heading, 
Conclusion”), taking * the whole problem back to rule-of- thumb 
day ays ae dies there a appears to be no more, if as much, pine of thumb than exists . 
in the present theory. though the author feels that his method may meet 
i _ — because it runs counter to | present theory, the writer is encouraged t 
£ ar to feel that engineers are willing to reject anything found unsound (as stated 
the “ “Conclusion” i in favor of ‘ sound Teasoning supported by experi- 
mental analysis eae mer The modern engineer does not prefer old-established 
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‘ESTIMATING DATA FOR RESERVOIR GATES 
By THEODC RE B. RIGHTS © il, ge 
| 
THEODORE B. Assoc. M. -ASCE—In this discussion the writer 


will confine his remarks to radial crest gates. — Unless the stress used is noted , a8 

on the design of the structure a person who is seeking to compare his structure — a 

with the one previously designed, is ‘ 4n the dark.” In comparing a ‘newly 


designed radial gate with an older gate that had a head 5 ft less, the writer was" 

amazed that his s designed sections were smaller i in size. On investigation : a 
found that, : although the skin or face plate of this older gate was designed a 


16,000 lb per sq in., the supporting members were only stressed to a maximum of 
~ 10,000 Ib per sq in., whereas the Ww riter was using 1 18,000 lb per sq in. throughout. 

It would be w verte’ hile if Mr. Boissonnault w were to qualify his charts by taking 
the design stresses into account. 7 For example, the following equation for the 


Ww weight of the radial or ‘Tainter type of gates” makes allowance for unit stress: 


Py 1, 


(A, + 2 B) 125 + 225 (6b) 


in Ww vhich, ‘conforming to | the ‘notation of the paper: WwW is s the | weight of the gate 


(moving parts), i in w is the Ww weight of the e e embedded metal, in 


pr of ‘he ‘material, in n pounds p per square inch; - and is the span w width 
(Incidentally, it. not be amiss to re- ~emphasize the w idespread mis 


"appears as “Taintor” even in some the most modern technical textbooks. a 
The records ‘of the United States Patent Office for July 6, 1886, show, under — 


canal lock,” that: | patent No. 344,879 _was registered by Burnham 
“Norn, —This paper by Frank L. Boissonnault appeared in September, 1947, Proceedings, & 


by Creager, J. D. Justin, and Julian Hinds, John Wiley & ‘Sons, 
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S ON RESERV GATES Discussions — 


Tainter of Menomonie, Wis. e therein deseribed i is the w well-k know 


Many of the gates: used by the power companies are of fold gates, 
3 which the stresses at the time of their design were 16,000 lb p per sq in. One © 
eo company, specializing in hydroelectric design, does not have a gate in their 


that has been designed for” 18, 000 |b per sq in. hen this company 


~ receives an order from a client company to design 2 a gate, they search their files, 
select one of these gates (16, 000 lb per sq in), secure “photolithos,” and block 


out titles and In fact, one e of the greatest difficulties i in doing this 


This company should not be pectrns criticized for using these eines 
"designs : as th the steel detailed drawings have been made. os Photolithos of these 
details serve the ‘shop just as well as new details, and the. cost of making the 
eae drawings: is thereby reduced about 80%, w which should give the client 
Meee pe ‘company a a cheaper job than if a new ‘design v with new detail drawings were used. 
- pa Of course, ‘in order to do this the contract for the gate n must be given to the 
writer has used the ALE. the approxi- 
mate closely the weights obtained from the writer’s designs. . These weights: 
= ee are for the gate only and not for the anchorage which comprises the larger part 
of embedded steel. For an estimate for the larger - gates, the writer uses 


e weight or the > weight of the embedded steel. __ The weight of ; 


the pin, , both horizontally and vertically, will ‘change the hinge reactions. For 
anchorages be required. For a small hinge reaction, the pier width is 
usually narrow. Most installations of these small gates have a continuous pin 

ah runs through the pier, so tl that one arm of one gate and one arm of the 


adjacent § gate rotate on the same pin. : — This | pin is held back by pin plates with 
anchor rods bolted to them, and the entire assembly i is grouted into the } pier, 


ere, with only the pin ends cantilevering out. The main anchor rod can be placed 
= in the line of action of the hinge reaction. For gates more than 33 ft wide with 
a 30-ft head, the | piers must be much wider for stability. It would be imprac- 
_ticable to run the pin through the ‘piers, so an anchorage casting placed | on 
cantilever beams is used most frequently. . These cantilever beams, both hori- 


zontal and vertical, are held down by anchor rods. Since these anchor rods 


tions, an 


*e os of the | hinge reaction. This type of construction increases the weight of the 
anchorage considerably. writer believes: that this in part explains the 
g — discrepancy betws een the setenl weights and the weights obtained from Eq. 6a.’ 
ere The weight of the embedded steel as well as the hoist weight may vary 


% because of the nature of the installation. If a music-note seal (such as that 


Ew. used on some of the Tennessee Valley Authority radial gate installations) is 
ee “used instead of a wood seal, the friction of the s seals i is increased and the hoist 


a 


> 


= to be increased for this item. In some climates; as stated by the 


a al gate widths and heights, but w ith different pin locations, ‘different ; 


ee are horizontal. and d vertical, they must take the components of the hinge 1 reac- 
tions, and they are larger, therefore, than the anchor rods placed i in the line 
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author, the weight of i "ice and silt on on the gate is considerable. — ‘The writer ime 
Be found that it is better actually to compute the hoist requirements, than mer 
__ The writer further believes that a distinction should be made in this paper Fat Sees 
between fixed and movable hoists. - Some dam installations have been made — 
in the United States, in which a movable or traveling hoist: car is used for three 
or four gates. _ Of course, a suitable structure must be provided for this movable <a 
hoist but, as it is made of structural steel, its cost can more easily be computed bo * = 


qi _ The writer believes one of the reasons that the welded gates weigh less than 


gh 
at 
| 
ax 


riveted ones is that they, being more modern, have been designed for the > 

higher stress of 18,000 | lb per sq ing 

TABLE 6.—WEI EIGHTS. OF RapIAL au Crest Gates Usep 


(Designed for a Stress of Less Than 16,000 Lb per Sq In. 


ae 


No. | built | Radius Height Eq. 
| skin [above] 4 7 em | hoff Gate bedded 
4 4, plate | crest bedded] Total steel ; 
1 | 1930] 32.0 | 16.0 | 39.0 | 30.0| 110.0 | 65.0 |175.0| 160.0 | 120.0 | 117.0] 19.1 | 136.1 ee 
| 11948] 35.0 | 18.0 | 39.0 | 35.02] 145.0 | 88.0. 233.0 200.0 | 150.0 | 159.0] 21.5 180.5 
11930] 30.0 | 24.0 | 34.0]}26.0| 83.0] .... |....] 1100] 75.0 | 73.0] 16.7 | 89.7 
11929] 26.0 | 14.0 | 34.0] 26.0] 62.0 110.0 | 75.0 | 73.0] 16.7 
| 1926] 26.0 | 14.0 | 34.0] 24.0] 62.0 92.0 | 710 | 62.5] 15.7 | 78.2 
1944] 20.0 | 14:75 | 33.0 | 19.05} 36.0 | 11:5 | 47.5| 53.0 | 42.0 | 303] 122 | 425 
1937] 24.0 | 20.0 | 30.0| 240] 7.5 | 31.5] 40.0 21.0] 11.3 | 323 
| 1925] 18.0 7.0 | 30.0} 14.0| 28.0 | 12.5 | 40.5| 36.0] 280] 184] 10.5 | 28.9 
|1927] 13.0 8.0 | 24.0] 10.04) 11.0] 1.5 | 12.5] 180] 145] 90] 83 | 17.3 
| 1916] 20.0 | 13.0 | 20.0] 13.5¢ 13.0] 2.5 | 15.5] 19.0 15.0] 17] 9.0 | 20.7 
11: J 1913] 17.0 | 9.0 | 150/140) 90] |... | 105 19.1 


Actual head 40.0 ft. head 17.0 ft. Actual head 15. ft. Design head 1 


The values obtained from the charts i in this paper are useful ; ‘but it must 


be remembered that they should be used for. estimating purposes, , rather than "Ee 
as a rigid control on the design weight. _ Discussing this point, James Ss. Bow- ; 


> 


- 


ent 


“The general layout of a Tainter Gate is a matter of trial and judgm 

Li - of the gate. The pins should be above ordinary high water, and the bottom — + 

q ¢ the gate when raised should clear floating material carried by the extreme ae 
_ The shorter the radius of the face or the greater the inclination 2 4 

_ the chord from the vertical, the heavier the gate will be.’ Pye oe 

“The radius of curveteas affecting the direction of this upward pressure 

(upward vertical component of the water pressure), also has an important - eae 


8**Handbook of Applied Hydraulics,” McGraw-Hill Book Co., Inc., New York and London, 1042, 


> 


> 


BES 


_-9*Manual of Engineering Construction,” Canalization, Vol. IT, The he Engineer School, U. 8. E. ee Pah ‘a 
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bearing on the relative dead load 1 ities at the  dlinte and trunnion, on | 
the length and height of the pier, and the weight of the a a a 


== 


‘because of the iernh heights of pins above the crest. A good example of 
this can be seen in gates 3 and 4, , Table 6. With the exception ol of gate No. 10, 
the curved skin plate is by. channels: variably spaced 
a hich in turn are supported by vertical ribs that frame } into the trunnion arms. 
Gate No. 10 has the curved skin plate supported on . equally spaced vertical 
ribs which are in turn supported by that frame into the 
ABA 2 For: the w writer’s work, it would be best to have the gate weight separated 
the total weight of the gate and the embedded steel. The charts do not 
bi give th the height of f hoist or lift as a variable. — In canal work, most gate | installa- 


= tions have © approximately the same e lift, but i in powe er or water dams, where 
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ean He of ditterent welohts heeaise he ditterent radii to 
q 
| 
pumps, the lift of gate must be | 
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BY SIDNEY Novick, FRANK J. HANRAHAN, AND WALTER J. RYAN 


Novicx, 20 Jun. ASCE. i is ¢ s of interest to compare the results of 
the: plywood shear buckling tests (under the heading, “IV Plywood Tests; 


troup 3”) with the values” at which failure in buckling might have been pre- *- 
4 on the be basis. of previously information | concerning shear buck- 
ling of rectangular. plywood plates. ethod and results of this ‘com- 

All calcul: ations require basic. regarding the wells plywood 
constructions. From the descriptions in the text, it was inferred that plywood 
: type 1 w was of the sanded face ply variety, and that types 2 and 3 were un- . 
sanded; the thicknesses of the individual plies could then be found from data a oe 


issued by the Douglas Fir Plyw ood Association. Assuming the modulus of 


“across the grain to be 0.045 times the value along the gn grain,” all necessary 7 
plywood stiffness properties may be found. 


Pcie indicated that the theoretical stresses require. correction within a given 4 
range of plate dimensions. . From the « empirical data the writer has derived — ee. 


— 
- ‘Nors. —This paper by a Committee of the San Francisco (Calif.) Section, ASCE, on Timber Test 
Program was published in May, 1947, Proceedings. Discussion on this paper has appeared i in Proceedings, — 
= follows: October, 1947, by James H. Carr, Jr., Howard J. Hansen, and E. G. Stern; and November, 1947 a i 
Structural Dept., John B. Pierce Foundation, Houles Research Div., Raritan, N. J. 
2“Technical Data on Plywood,” Douglas Fir Plywood Assn., Tacoma, Wash., p. 9, Section 2. 


_ “Design of Plywood I-Beams,” by Howard J. Hansen, Transactions, ASCE, Vol. 112, 1947, p. 955. 


ae % ‘Buckling of Flat Plywood Plates in Compression, Shear or Combined Compression and Shear,” 
Bulletin No. 1316 and Supplements, Forest Products Laboratory, Forest D.A., Madison, Wis. be 


— 

q 

i 

4 

 _elasticity along the grain for a single ply to be 1,600,000 lb per sq in. and that 

@ 


Pores 


f results. of the foregoing calculations with the actual © 


4 


shear stresses 2 at failure, the latter derived from Table 25, is given in Table 29. an 


TABLE 29.— 


a 


—COoMPARISON OF 
SHEAR BucKLne STRESS Al AND Ac 


TUA 


SHEAR FAILURE Srress IN 


Cra) 


(Lp per Sq In. 


(a) Fatturp Dus tro Bucxiine 


actual 


shear 


This tabulation shows that the 
in the percentage varia- 
tion values is large for the speci 
mens that failed by buckling. 
‘That this behavior is typical i 
evident from a consideration of _ 
the Forest Products Laboratory 
(FPL) results: For the range 
of ‘plate dimensions | in Table 
-29(a), FPL data show a 


variation betw een (50% 


greater than 


the ‘values: 


a. 


220° 


+ 94 
+116 


89 


Pas 


Be 
2 : 


the results for the 


ae 29() ‘might have been expected to fail in shear buckling at values proportion- 
ately ‘above the predicted buckling stresses. It is evident that the actual 
failure of the nails at much lower values forestalled development of the requisite — 


bu uckling stresses. ‘Thus, the results for the specimens in Table 29(b) are in 


be 


mens in in Table 29(a), the specimens in Table - 


ver the lower limits of the of 
values). appears “the 
average fixity of plywood plates” 
when glued or nailed sufficiently 
to insure shear buckling i is W well 
_ above the simply supported con- 
_ dition, but that the variations in- 
the extent of fixity lead ‘to large ge 
variations, not only betw een 
actual stresses and those 
predicted, but also in the extent 
of the disagreement, so that the 
eS values are not in constant 


relation to the theoretical. 


eer 


ualitative agreement with the behavior expected o1 on the 
ously published information; 


Results of the shear tests reported i ‘in th the paper, therefore, tend 
to confirm 7 previously | published data and the general ‘method for design cal- 


basis of the p previ- 


Transactions, s, ASCE, Vol. 112, 1947, 968, Fig. 


‘Design of Wood Aircraft Structures,” Bulletin No. Committee on 


— from which derive fattor ished « e calcu 
=  geurve® fr ssary to derive d from other publi r stresses in thes 0 
= values nece also obtaine lywood shear s 
— ealeulati 3 the ma) 
bi 
— 
— 
— iz 
— | 475 7 
0 
865 
= 
| 
— We 
— 
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iss : the entire practicable 1 range val design variables, the latter including the ‘spacing — 
* of studs and intermediate blocking, and the thickness of plywood sheathing. — 
a It should be particularly n noted that by this method the value of the inter- Dae 


mediate blocking can be found in explicit quantitative terms, making it nec- 


to alter the conclusion i in the of such bs 
hose closely associ 
unceasing efforts in the face of great obsta and for the 
_ bution made to the knowledge o of timber engineering. | _ These investigations, ~ : 
extensive research by the United States Forest Products Lab- 
‘Wis.), the Timber Engineering Company (Washington, 
D. C.), and others, have resulted i in ‘substantial changes and technical im- aes 
provements in engineering design recommendations. Such modifications are 
in a design which has been widely as a design 


were more evaluated and are in ‘an 

- Specification are the effect of end distances, spacings, edge distances, thickness — 

of member, angle of load to grain, moisture condition of lumber at time oie 
_ fabrication: and in service, and loads for multiple fastenings—all in relation 


Among other things, the analysis of these report on 
focused attention on the need for further of loaded 


‘of studies. analysis” of” these tes tests, 
_ criteria for designing eccentric joints and taking care of the resulting stresses _ 


had been 1 developed prior to the issuance of the * ‘National Design Specification — = y 


oe Stress-Grade Lumber and Its Fastenings”’ in 1944 . There appeared to be 
‘little correlation between values from standard tension 


‘sumably w were loaded in cross- grain tension. Consequently, the 
‘Specification : recommended avoidance of eccentric joints. 
Subsequently extensive research “studies developed an empirical approach 


which when applied to a wide range of tests showed a proper relationship — a > 
between allowable design loads and test t loads at failure. recommend- 

ation, which currently i is officially incorporated as an amendment in the n national * see a 
design specification and which assumes the mathematical form of the hori- 


zontal shear formula but with allowable shear stresses 50% greater than other- ae 


w ise permitted, may be stated as follows: 


or “In co computing ; the horizontal shear in ae joints the. depth of {the 


member shall be assumed as reduced by the distance between the ot a a3 <a 


edge of the member and the nearest edge of the connector. Where bolts a 

9“*National - Design for Stress- Grade Lumber and Its Fastenings,”’ National Lumber 
Amn., 
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Discussions — 

oH alone are ‘used, ‘the depth shall be 1 reduced by the distance between the un- f 

~ loaded edge and the center of the bolt. Shearing stress for joint details may “ 
taken as s 50% greater than the horizontal ‘shear values otherwise 


ia ment should be calculated and er care of in the « dulen 3 in the saliency 


of these technical advances the of the 
Ri oe additional technical findings of recent years in current recommendations™ is 
indicated by the values i in Table. 26. 


<a ce «a WwW hen the structures tested were designed for the 1939 Golden Gate Tnter- 
national Exposition, in San Francisco, Calif., the designer not have a access 


refined than those of 1939. ‘Design “stresses: for lumber and design loads 
for fastenings higher than those commonly used in 1935 were used in the Exposi- 
buildings. John J. Gould,?* M. ASCE, chief structural engineer for the 


Exposition, hasstated: = | 


a rings gave satisfactory service despite ‘working § str resse es 30 to 50 per 
more than usual. 


aie , “The wholly satisfactory performance of exposition structures, designed 
with 50 to 100 per cent increases of the usual timber unit stresses, suggests 


a. _ that where competent engineers make the design and supervise construction | 
and maintenance, building codes should be revised to provide for increased — ‘ fr 
= Me = unit stresses— —perhaps 30 to 50 per cent more than now permitted.” _ 
It should be noted that the ratios given in the report and in discussion 
approach true safety factors for. those instances W here failure occurred. 
so-called factor of safety as commonly used i is not a true factor of safety for a , 


any material in . the sense that the load required to produce failure of the com- 
pleted structure is the design | load times the factor. _ This | So- called 1 factor of 


safety contains allows ances for of material, inaccuracies of design” 


“of safety a as determined by te test of the structure — should be lower than 


the factor of safety as commonly stated. an? 
is interesting to note from Table that, for those in 


3 Be rt is approached under test load, the lowest ratio of test load to design 
load is approximately 3 when based on current design recommendations® = 


approximately 13 when based on those for 1939. Hence, these particular 
i data indicate that present design 1 recommendations actually result i in structures: 


of the fact that the current basic design values for lumber and 
fastenings are 20% higher than in the 1939 recommendations. 

“National Design Specification for Stress-Grade Lumber Fastenings (1944) Including 1947 


29 ‘*Experience in Maintenance of Large Timber Structures,” by John J. Gould, Engineering News- — 
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itany of these items are incorporated physically in the structure itself, insteadof ~ 


YAN ON 1 


Although the writer does not intend to that percentage in- 
‘rease in strength can be expected generally, | the data do indicate that im- ‘any 

provement in design recommendations do offset i increases in allowable design 


stresses in so far as total strength of structure is concerned. The data also “a 
“ihistrate the greater technical accuracy and reliability « of the design recom- : 
mendations incorporated in the aforementioned design specification® and the 


increased safety of structures conforming to this current specification. 


Bociety’s ‘San Francisco Section deserves the thanks of of the profession for 
. publishing this report of its project, | hindered a as it was by ma many obstacles that 
- threatened to make its completion impossible. We are fortunate to have this 
: record, which maton a big ‘step in the ‘progress of timber construction from an 


Builders of the ninteenth century carried forward the knowledge « of timber 
-, somatrection' that had been accumulated since the beginning of its development. 
were artisans, and the structures they built | were erected by men 
in interested i in their work. Foltowi ing the introduction of newer materials 


of construction, engineering methods became an essential part of the develop- 


r 


— a. Now that timber engineering is becoming a science instead of an art, = 

al i is suffering from a lack of these artisans of former pr generations | and from the “ 

on: ack of "understanding of a common material. The very name “lumber,” so 

ed ~ frequently used i in the United States, is an indication of the lack of respect for ee 4 
a a 1 familiar product. _ This report illustrates 3 clearly how intricate a material ae 

on : a wood really i is, and the. designer of timber structures should keep the ten nota- a 

he made in the “For eword,” always in mind. These  findings* the 

of the grief in design and construction in 1 timber is caused by a of 

of. uniformity of strength within the piece duet to “grain,” changes t. thr ough “season- 

gn , ing,’ ’ and variation within and between ‘ ‘grades.” These tests will supplement ae 

re, | laboratory studies and leave no excuse for the designer to notch a timber or et 6 s 

| neglect an analysis of the various stresses: acting: on a member. Lumber 

grading rules are nearly as perfect a gu ide as s human interpretation makes 

yor 

an possible. However, some pieces may be unsuited for the specific application. 

_y ‘The framer 1 must have the knowledge and the authority to cull such items and 4 

ch —& to select material suitable for the particular | purpose. _ ‘The e report illustrates 

gn | instances where | this v was not done. The principal difficulty came from shrink- r “A 

nd 


and checking. problem i is inherent with the use of green timber 
seems to be without a solution. me he answer is in the use of seasoned material. 


ar 
res  Airseasoning of large timbers i is not practical. Drying i ina kiln i is 3 difficult 
m . and expensive. Modern practice can secure the most satisfactory results by 4 : 
nd | treatment in a retort. This can be accomplished with or without the addition __ 
4 preservative. Such trusses as those | used i in the Treasure Island Buildings 
be built of seasoned or treated material in the future. 
ws- ‘Ten Essential Standards for Timber Structures,” | West Coast Lumbermen’s Assn., = 
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i. The design of the first heavy si built i it in the U: United States with 1 split 
_ rings was based on the tables published by the manufacturer, Carl Tuchscherer,® : 
of Breslau, Germany, supported by a limited series of tests made at the Uni- 
versity of British Columbia in Vancouver. Later tests proved that the values 
assigned, especially to the large 9-in. and {1-in. rings, were excessive, but that 


the served adequately for loading until the wag 


In the San tests, the committee saw fit to the joints i in 
in the structure. This” condition reflected the result of shrinkage 
and little or no maintenance. F. _ There was lack of uniformity and, in the case 
oe of loose bolts, there was the loss of the frictional resistance which is an im- 
¥ Se portant element in the strength of a timber joint. . Perhaps these se results will — 
- to emphasize the importance of continuous inspection and maintenance. | 
more valuable result will be attained, however, adequate tests ¢ are 
~made with perfect examples and engineers, builders, and owners are 


treat the design and the structures with the care they deserve. 


‘Der by Theodor.Gesteschi, Springer, Berlin, 1926. 


Sin 


> 
— 
— 

— 


AMERICAN SOCIETY OF CIVIL “ENGINEERS 


process of consolidation involves the expulsion of water from the soil. voids, +B 


loads. Ina homogeneous ‘material the time required for consolidation varies 


wells in a foundation shortens the water path and 
accelerates the rate of consolidation. With water escaping “radially to the 


ie wells, in addition to escaping in the normal vertical direction, the time of ¢ con-— 


—governed mainly by the choice of well, | spacing. This benefit from drain welle 
is far greater a horizontally stratified material (as ‘the author has noted) 
where the horizontal or ‘radial permeability is generally much that 


Benefits. of Drain Wells.—There are three major benefits from using d drain 
Ww wells in a weak compressible foundation: (1) Acceleration in the rate of settle- 
ment; (2) acceleration i in the rate of gain o of a r strength; and (3) | reduction | 


the lateral transmission of excess pressure. 


in Rate of Settlement —The percentage of ultimate: settlement 
a given time is the same as the percentage of consolidation. 


ES stress on an element of soil; To | be the initial stress; Ao be the increment of stress i. P 


too be the intergranular pressure; end. oy be the final intergranular 
pressure. In the 1 notation of the paper 2 Yw is the ‘hydrostatic pressure and duis 


_ the pore water | pressure in excess of hydrostatic pressure. ‘The total stress on an 
x element of soil consists of intergranular pressure plus water pressure. With the 


see Nots.—This paper by Reginald A. Barron was published in June, 1947, Proceedings. — 
Chf., Soils and Geology Branch, Garrison Dist., Corps | of Bismarck, N. Dak 


‘Kenern S. Lane Assoc. M. ASCE —As | the drain “well Promises 
become a very useful tool in foundation | engineering, the author’s development 2 2 


of the theory of consolidation with drain wells is particularly timely. 


" thus permitting the grains t to attain closer contact under the influence of f applied ee " 


Acceleration in Rate of Gain of Shear Strength—Let be the total unit 


a 7 
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| 
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a of a new load to a soil which has reached full under its 


: 2 eg Under a common hypothesis for the shear strength of clays, only the inter- 

granular p pressure, ‘is effective in creating shear strength from internal friction. 


meth ‘Th he process of consolidation involves the transfer of added stress, Ao, initially | 
is “carried i in the pore water as excess pressure, 4, to intergranular | stress with - re- 
“4 sulting gain in shear strength. Eqs. 896 and 89c represent the beginning | and 
end of consolidation, the hydrostatic portion of of the pore- -water pressure, 2 Ye 4 


As the author has factors governing ‘the shear strength of 


ss —* . Reduction in Lateral Transmission of Excess Pressure, u, in the More 
in ep Layers of Stratified Soil. —Beneath the center of an embankment the 
added stress, and the resulting excess pressure, Ue, reach their maximum 
values. the horizontal permeability is much greater than the vertical per- 


i _ meability, as in the varved d clay pictured i in Fig. 9, a portion of the center line 


om 


CD 


d 


& 


excess pressure, u,, will be transmitted laterally to the zone beneath the em- i‘ 


in which f(uc) is the part of u, transmitted to beneath the toe. effective 
pressure is reduced below its initial value to 

The shear strength is correspondingly reduced, and may be dangerously 80, 

af eet since ‘an embankment induces high shear stresses in the zone beneath its toe a 

intercepting such laterally transmitted excess pressure, drain wells serve 

to minimize reduction in shear strength beneath an embankment toe. 

- though the danger from this lateral transmission of excess pressure becomes 

greater as the ratio of horizontal to vertical permeability increases, ee 


the ‘same condition operates to improve the efficacy of the ‘drain wells in 


sage of Drain Wells. piles have been used to strengthen soft 


ee = tions for many years in the Low Countries of Europe and such sand columns 
accelerated consolidation when loads were added; it 
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to 1935 in Russia. ‘Here 12-in. sand- filled installed 40 ft deep in a 
bed of interstratified clay and sand of Devonian age and : appear to have served — 
purposes. Although they were initially installed for water control 

= during excavation, they seem to have’ been used later for : seepage . control as. 
hae relief wells for reducing seepage pressure in the more pervious buried ‘strata. 
They also served to accelerate settlement of this concrete dam, as well as rate 
of gain of shear strength and corresponding resistance against sliding. — mie 
_ In American practice it appears that O. J. Porter, M. ASCE, and his. associ- 
ates at that time in the California Highway Department were the first to design — 
and install sand-filled drain wells for the expressed purpose of accelerating 
"% consolidation—an experimental installation in 1934 followed by several highway > 
embankments over marshes, peats, and harbor silts.*° : Early we work was charac- 7 J 


| drain wells have been used on the west coast of the United 
on several important: war construction and other projects. Recent large i in- 
* stallations are on the Terminal Island Freeway n near Los _ Angeles, Calif.,)7 and 
the Bayshore Freeway near San Francisco, Calif.,!* employing drain wells 


a from. 18 in. to 22 in. in diameter and from 30 ft to 60 ft deep. The objective | 
of these installations has been largely for accelerating settlement and, to a 


lesser degree, for i "increasing § shear strength to reduce toe displacements. 


similar | purposes, the Connecticut Highway Department has 
drain wells of 12 in. in diameter and 25 ft in depth on 15-ft centers in crossing 


marsh near Old Lyme, Conn.'® An extensive installation i is contemplated on 
vay very wide or “dual- dual” highway near Elizabeth, N. J. , using g wells 18 in. at 
2 in diameter on 10- ft centers up to to 24 ft deep across a marsh.’ 20 Iti is particularly 


- interesting that alternate bids on 1 this New Jersey project showed asaving of 


— than 30% in favor of drain wells over excavation of the marsh deposit. Bd i} 
An application a almost solely for accelerating settlement is the experimental 

¥ ‘installation at LaGuardia Field, New York, N. Y.\_17-in. wells about 80 ft 
in silt with spacing varied from 8 ft to 14 ft. at 


Drain wells for the major purpose of i increasing rate of gain i 1 in pom strength 
were “employed during the construction of cellular cofferdam walls for sub- 


“Some Features in Connection with the Foundation: of SVIR 3 Hydro-electric Power Devdesment, 
by H. Graftio, Proceedings, International Conference on Soil Mechanics and Foundation Eng., Harvard 


~ 
a et “Studies of Fill Construction Over Mud Flats Including a Description of Experimental Construction | Be ea 3 


ra 


Using Vertical Sand Drains to Hasten Stabilization,” by O. J. Porter, Proceedings, International Conference aa 
a Soil Mechanics and Foundation Eng., Harvard Univ., Cambridge, Mass., Vol. 1, 1936, pp. 229-235. ai 


“Studies of Fill Construction Over Mud Flats Including a Description of Experimental Construction 
‘Using Vertical Sand Drains to Hasten Stabilization,” by O. J. Porter, Highway Research 
“Vertical Sand Drains,” Roads and Streets, August, 1946, p. 72. 
18“*Vertical Sand Drains Speed Consolidation of Soft Water-Bearing Subsoil,” Engineering News- 


va Research Abstracts, Highway 
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merged shipways.* Here 12-in . wells were placed inside t the cells 

stiffen the filling of clay-like material formed from. dredged-i in marl. As an 

interesting innovation to speed ft further the consolidation of the ¢ Il fill, the 


a: For the ‘prime purpose of reducing lateral enienmiduns of excess , pressure, 
the first installation to the writer’s knowledge was employed « on the reconstruc- 
ie a tion of a slide on on Riverfront Dike in Hartford, Conn.” Asa a matter of interest, 


i ear. riak j in the face of warnings 0 on the probability of a slide, which occurred a 


stantially as predicted. In designing the earthwork phases of the reconstr uc- 4 


25 ae. tion for the Providence (R. I.) District of the Corps of Engineers, the writer 


and the author concentrated three lines of drain wells just inside the toe of the 
eae ie rebuilt embankment to insure against loss of shear strength at this critical zone. : 


ily 


F: ey by ae Some n ninety drain wells were constructed, in F ebruary y and March, 1942, 
x ye through 40 ft of sand and 40 ft of soft, varved clay (see Fig. 9). . Wells were | 
‘spaced ina triangular pattern c on 20-ft centers and, to facilitate construction. by 
hired labor equipment, were 6 i in. in diameter. A 6-in. temporary casing 
used. through the sand, advancing the hole with a churn drill. To minimize 

- smear, the clay w was excavated by water jets of a special clay auger designed by 
 FVE. Fahlquist, M. ASCE, Construction cost was about $1. 00 per ft of well. 


a group of closed- -system piezometers was in n place, with which it was hoped — 


to measure the effect of these drain wells. — However, the effect of daily” tem- — 

perature variations from darkness to daylight made the closed- system piezome- 

_ ters very unsatisfactory and, by removing the Bourdon gages, they were con- 

“i _ verted: to the open-system type (open pipe with filter at the tip). After this 

> change ‘the p piezometers. also failed to s give dependable readings because of the 

ee effect. of dampening on changing pressures, from the flow into an open-system | : 

from a highly impervious soil. Accordingly, no dependable mea-— 


surements were obtained of these drain wells that, 


: ae a 1 possible tendency of the well to o act as a sand pile or or hard. point in 

an the’ foundation, attracting load and somewhat relieving st stresses in the sur- — 
rounding deposit. Although this tendency would be less for wells 
of small diameter than for larger wells with a smaller slenderness ratio, it was 


decided to place two cushion of cinders on the Riverfront: Dike well 


a Poor filter intrusion of the silt strata i in 1 the surrounding 
varved clay and were difficult to install, tending to sink through water slowly 24 
and to mix with the sand. ae , Accordingly, use of th the cinder cushion layers “es 

6“Submerged Shipways with Steel Sheeting Walls,’ by "Adolph J. and C. B. Jansen, j 


2 ‘*Foundation Failure Causes Slump in Big “Hartford, Cons Engineering News-Rece 
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abana and most of the wells were backfilled entirely wi 


ir 


be the opposite of the author’s Scale for ec equal vertical strain. The effect _ 

solidation rate would probably | not be large, judging from the small differ- 
ence in rates for free strain and for equal vertical strain shown in Fig. 8 4 8. Of | : 
more concern is the action of the sand column in deforming under a load co con- 
centration as the surrounding, and probably more compressible, soil settles. 
This deformation may be accomplished either by a bulging of the well column — 
of sand with a small increase in density, or r by a local shearing with possibly a — ne 


relative displacement of the sand column, Bulging i is not objectionable and 


- is believed to be the more probable action in soft f foundation soils where most 
drain wells have been installed to date, except on the SVIR 3 dam.!* | For 
= to accommodate about 4 ft of settlement, an 18-in. drain w rel 80 ft : 
. long would have to increase uniformly i in diameter only about 0.4 in., and con-— Be 
siderably less than this the densification of the backfill 
ey from its initially loose state. A definite shearing of the well column could be © 


| _-very undesirable because, if continuity y of the drainage path were broken, the apy: 


break might even nullify the effect on the consolidation contributed by the 


‘region of the well below the blocked z zone. Such shearing of the sand column 
ee would seem more likely to occur in brittle, but still quite compressible, clays iA ao 
and, ‘pending further knowledge, is probably best handled by conservatism in 
oa In what is believed to be the first application of ¢ drain | wells to the « desig a 
of an earth dam, from 1943 to 1945, the writer and the author - designed a system 

of about 240 drain wells to be placed in a triangular pattern on 60-ft centers 

over substantially the entire valley bottom of Claremont Dam, near Claremont, Resting 
‘N.H. Although the design of this dam was essentially completed 1945 
tt the Providence District, Corps of Engineers, its construction has been deferred om 
pending further negotiation with local interests. 3. The dam is intended to be © 
about 120 ft high over a foundation of approximately 15 ft of sand and gravel | F. 
lying over from 40 | ft to 80 ft of soft, varved silt (silt, clay, and fine sand inter- 


q 


a stratified, a ‘as shown in Fig. 9, with silt predominant). — The weak silt is under- 


{in poe by impervious glacial till which is likely to create a case of single drainage ve 


sur- where excess pore water can escape only in an upward direction. | _ Drain wells — 
vells 4 ae “18i in. in ¢ diameter, extended to the bottom of the silt with methods to ‘minimise 
was smear, were included i in the design because flat slopes to 1 reduce shear stresses ake 
vells, and | an extended construction period of gradual load application were not in 


sand ie : themselves, considered sufficient for stability with this very weak silt foundation. _ 


sable The wells are intended both to reduce lateral transmission of excess cael 

nding to accelerate rate of gain of shear strength. 

owly — Conelusions.— —For the design of a drain well installation, the author’ ~ soln 


=. are excellent examples of the case where a mathematical solution is is invalu- , i 
a le in 
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il. 
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Well size. in general, these can be evaluated fro h 
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the author hae laboriously computed and in this paper and in his. 


+ they would aid in showing the effect of single variables and comparing the 
iZ ey _ The author has p properly indicated that certain solutions were developed by 
L. Rendulic® i in 1934 and by N. Carillo®!® in 1940. the record, ‘it is” 


would be a inclusion it in the closing discussion, where 
wor ‘thy of mention that the author also developed substantially the same solu- | 


tions independently from 1940 to 1942 42 before learning of of the solutions = seen 


nee (R. I.) Dist., U. 8S. Engr. Office, 1944. 

8**Der Hydrodynamische in Zentral Tonsylindern,” by L. 
- dulic, Wasserwirtsch, u, Technik, Vol. 2, Jahigang, 1935, pp. 250-253 and pp. 269-2738. 

od #“*Consolidation of a Soil Stratum Drained by Wells,”’ by N. Carrillo, Harvard Univ., Cambridge, 


10**Simple Two and Three Cases in the of Consolidation of N. 


of Mathematics and Physics, March, 1942, 


‘‘Drainage of Clay Strata by Filter Wells,” by K. 
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